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REVIEW OF RECENT ABSOLUTE DETERMINATIONS OF 
THE OHM AND THE AMPERE 


By Harvey L. Curtis 


ABSTRACT 


In the decade preceding 1944 there were published the results of eight determi- 
nations of the absolute ohm and seven of the absolute ampere. These determi- 
nations were made in the national standardizing laboratories of England, France, 
Germany, Japan, and the United States. However, only preliminary results of 
some of the researches have been published, and one value of the absolute ampere 
was obtained in an experiment that was originally developed for another purpose. 
S Hence to obtain the most probable values of the absolute ohm and ampere, it is 
necessary to ignore some of the published results and to consider some of those 
remaining as more reliable than others. A critical analysis has been prepared of 
each of the determinations, and this-analysis has been used as a basis for weighting 
the results. 

The most probable value of the absolute ohm is given by the relation 


1 mean international ohm=1.000 490 absolute ohms. 


The mean deviation from the mean of the results used in obtaining this value 
is only 14 parts per million. Further confirmation of the probability of this 
result is shown by the agreement with the results of two other recent compilers of 
the absolute-ohm determinations. 

The most probable value of the absolute ampere is given by the relation 


1 mean international ampere=0.999 853 absolute ampere. 


The mean deviation from the mean of the three results used in obtaining this 
value is 3 parts per million. Other recent compilers. however, have given larger 
values, one, 27 parts per million larger, and the other, 119 parts per million larger. 
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I. INTRODUCTION 


The values of the absolute electrical units are all based on absolute 
determinations of the ohm and the ampere. The absolute deter. 
minations of these two units that have been made in the national 
laboratories during the past decade are more accurate that thos 
made at any previous time. The national laboratories at which the 
measurements were made are the National Physical Laboratory, 
England, (NPL); Laboratoire Central d’Electricité, France, (LCE): 
Physikalisch-Technische Reichsanstalt, Germany, (PTR); Electro. 
technical Laboratory, Japan, (ETL); and the National Bureau of 
Standards, United States, (NBS). But the recent determinations are 
not all of equal accuracy, so that the most probable value cannot be 
obtained merely by taking a mean of all the published values. In 
fact, only by making a critical analysis of each determination can one 
judge the relative importance of the different values that have been 
obtained. 

Some definite principles have been used in determining the weight 
to be applied to the different determinations of the = and the 
ampere. In general, a result which has been classed as preliminary 
in the article which describes the experimental work is given zero 
weight. There is one exception, which ~ill be explained in connection 
with the analysis of the work. One .*’-er result has been given zero 
weight because much more precise results have now been obtained 
by the same experimenters. Other results have been weighted accord- 
ing to the judgment of the author of this article, giving a weight of 
5 to those which seem to be most accurate, and smaller weight to 
results that are less reliable. 

The author realizes the difficulty of making a critical review of 4 
field in which the work of himself and associates must be compared 
with that of others. This difficulty is not as great as in some fields, 
because there has been cordial cooperation among all who are working 
on the values of the absolute electrical units. Bach laboratory has 
welcomed visits from other investigators working in this field. The 
author has visited all the laboratories where the investigations have 
been made, except those in Japan. 

The results of all recent evaluations of the absolute electrical units 
have been expressed in terms of the so-called “international ohm 
and the “international ampere.’’ Both of these units have slightly 
different values in different laboratories. The differences betweel 
the units of the national laboratories for the same quantity have 
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lways been too small to be considered except in measurements of 
he highest precision. Since the measurements to be reviewed in this 
paper are of an accuracy which requires that these differences shall 
be taken into account, a brief statement concerning the establishment 
wnd maintenance of the international units is necessary. 

The international ohm as established in 1893 was “represented by 
he resistance offered to an unvarying electric current by a column of 
mercury at the temperature of melting ice, 14.4521 grammes in mass, 
of a constant cross-sectional area and of a length of 106.3 cms.” The 
mass of mercury was chosen to give a cross-sectional area of 1 square 

m and a length of 106.3 cm. These dimensions gave to the inter- 
national ohm a value which agreed with the absolute ohm as nearly 
as could be determined from the absolute measurements that had been 
made up to that time. The international ohm was maintained by 
means of the mercury ohm for about 20 years. Gradually wire-resis- 
tance standards were developed that were so permanent that the 
international ohm could be maintained more precisely by them than 
by reestablishing the unit every few years by means ot measurements 
on the mercury ohm. Hence during the last two decades not one of 
the national laboratories has reestablished its unit for the inter- 
national ohm by making measurements upon the mercury ohm. In- 
stead each laboratory maintains its international ohm by means of 
wire resistance standards, the values of which were originally estab- 
lished by reference to the mercury ohm. There are slight differences 
between the values of the international ohm of the different national 
laboratories. These differences have been determined on several 
occasions at the International Bureau of Weights and Measures. 
Hence the results of all recent measurements of the absolute ohm can 
be expressed in terms of the mean international ohm, the value of 
which is the mean of the values of the international ohm as main- 
tained at the important national laboratories. The mean inter- 
national ohm is herein assumed to have remained constant during 
the last decade. There is no longer need of making measurements 
on the mercury ohm, since the absolute ohm can now be used to estab- 
lish and maintain the unit of resistance with greater accuracy than 
can be obtained by using the mercury ohm. 

The international ampere was defined as the ‘“unvarying current 
which, when passed through a solution of nitrate of silver in water 
* * * deposits silver at the rate of 0.001118 grammes per second.” 
The international ampere so defined, in connection with the inter- 
national ohm has been used to determine the electromotive force of a 
standard cell. Routine laboratory measurements of current in 
international amperes have always been made by reference to a 
standard resistor and a standard cell. Since 1911 the National 
Bureau of Standards has maintained the international volt by means 
of a group of ‘standard cells. Similar methods have been used by 
other national laboratories, at least during the last decade. The 
results of determinations of the absolute ampere made in the last 
decade have been expressed in terms of the international ohm and 
international volt as maintained in the national laboratories where 
the determination was made. These national units can be reduced 
to a common basis by the comparisons of standard resistors and 
standard cells which have been carried out at the International 
Bureau of Weights and Measures. The results for 1933, 1935, 1937, 
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and 1939 have been published in the Procés-verbaux of the Inte. 
national Bureau. It is assumed that the mean international ampey 


(the mean of six national laboratories) has remained constant during 
last decade. 


II. RESUME OF ABSOLUTE-OHM DETERMINATIONS 


Eight independent researches on the value of the absolute ohm hay. 
been + aug during the last decade. In order to evaluate properly 
the different results, the following analysis of the eight determ. 
nations has been made, taking them in chronological order. 


(a) 1936: CURTIS, MOON, AND SPARKS AT NBS! 


In the method employed in this investigation the value of a self 
inductance in international henrys was compared with its value in 
absolute henrys. The ratio of these values is the same as the ratio 
of the value of a resistance in international ohms to its value in absolute 
ohms. The inductance of a self inductor in international henrys was 
obtained by electrical measurements which involved the mean solar 
second and the international ohm. In the electrical measurements, 
the self inductance was compared by a bridge method with a capac- 
tance and a resistance, using low-frequency alternating current; 
and then the capacitance was measured in terms of resistance and 
time, using a pulsating current. The error in the electrical measur. 
ments was probably only a few parts in a million. A large number 
of electrical measurements were made on three helical inductors having 
different dimensions and different values of inductance. 

The inductance of each helix in absolute henrys was computed from 
its measured dimensions and the permeability of the surrounding 
medium. The mechanical measurements of the diameters, which 
were very uniform, were made with high accuracy. The average 
pitch of each helix was accurately measured, but the measurements 
showed that: the pitch was not exactly uniform for any of the helices. 
The basic formula used in computing the inductance in absolute 
units assumed that the winding was of uniform pitch, although the 
formula was extended by introducing terms to correct for the dis 

lacement of one or more complete turns from a true helical form. 

he actual helix did not conform exactly to the conditions required 
for a precise computation of the inductance, even by the extended 
formula. For example, there may have been displacements with 
each turn, which would affect the result more than the average dis 
placement of a turn. These displacements would all tend to increase 
the inductance over that of a uniform helix. Hence, the computed 
value of the inductance for each of the three inductors used may 
have been too small. If this were the case, the result given by the 
authors was too small. Since their result is the smallest of any o 
those obtained in the last decade, it seems probable that the effect of 
mH in pitch produced an error in the result. Hence the 
result of this investigation is given a low weight, despite the fact that 
all electrical and mechanical measurements were carried out wi 
great care. 


1H. L. Curtis, C. Moon, and C. M. Sparks, An absolute determination of the ohm, J. Research NBS It 
1 (1936) RP857. 
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(b) 1936-37: VIGOUREUX AT NPL? 


Vigoureux used the same apparatus used by Smith* in 1914. The 
fundamental unit in this apparatus was a Lorenz apparatus or homo- 
polar generator for which the induced electromotive force could be 
computed from measured quantities, namely, the dimensions of the 

enerator, the speed of rotation of its armature, and the current in 

its field coils. ‘The armature consisted of two disks, each 54 cm in 
diameter. They were 167 cm apart and connected by a rigid shaft. 
The field coils for each disk were a pair of short solenoids coaxial 
with the disk and a short distance from it. The electrical measure- 
ments consisted in balancing the induced electromotive force against 
the fall of potential produced by the field current in a standard of 
resistance. The value of this resistance was thus determined from 
the dimensions of the generator and the speed of rotation of its 
armature. 

Vigoureux remeasured all the mechanical dimensions and made 74 
sets of electrical measurements. The same methods of making the 
mechanical measurements were employed as had been used by Smith. 
The measurement of any individual outside diameter of the helices, 
which was about 35 cm, was accurate to 0.1 micron (abbreviation ,). 
However, according to Smith, there were variations of 40y in the 
different diameters of one helix, and in the most uniform helix the 
variation was about 15y, or 40 parts per million (abbreviation ppm). 
Individual measurements of the length of the helices, which length 


was about 16 cm, were accurate to lu, or 6 ppm. The pitch, which 
had a nominal value of 1667, had a periodic variation with a total 


amplitude of about 30 for the most uniform coil, and 50 in the most 
extreme case. The remeasurement showed that, on the average, the 
diameters had decreased 13 ppm and the lengths increased by 5 ppm. 

The electrical measurements were reported in eight groups. The 
mean of each group varies from the mean of all the groups by a mini- 
mum of 5 ppm and a maximum of 13 ppm. Only a single set of coils 
was available, so that there were no independent checks. Summariz- 
ing, the coils were not precisely made, the electrical measurements 
showed considerable variations even when averaged in large groups 
and only one set of helical coils was employed. Hence, a low weight 
has been assigned to the result. 


(c) 1937: YONEDA AT ETL * 


Yoneda compared a fixed standard of mutual inductance, the value 
of which could be computed from the mechanical dimensions of the 
inductor, with a variable mutual inductance, using a low-frequency 
alternating current. This variable was compared with a resistance 
and capacitance in an alternating-current bridge. Finally, the capaci- 
tance Was measured in terms of resistance and time by a pulsating 
current. From this series of measurements, the inductance of the 
standard was obtained in international henrys. The work has not 
been describéd in sufficient detail to permit an evaluation of its merits. 
The result is preliminary and hence is given zero weight. 

——— 
Py HL Determination of the ohm by the method of Lorenz, Nat. Phys. Lab. Collected Researches 

'F. E. Smith; Absolute measurements of a resistance by a method based on that of Lorenz, Trans. Roy. Soc. 
(London) [A] 214, 27 (1914); Nat. Phys. Lab. Collected Researches 9, 209 (1914). 


‘Rinkichi Yoneda, Absolute determination of electrical resistance, Procts-verbaux, Comité International 
des Poids et Mesures (2] 18, 178 (1937). 
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(d) 1937; HARTSHORN AND ASTBURY AT NPL 5 


These authors used the method of Albert Campbell, by which tly 
value of a mutual inductance was determined in international henrys 
and in absolute henrys. The standard inductor used in this invegjj. 
gation was a Campbell mutual inductor Its value in absolute henrys 
was computed from the dimensions of the inductor and the perme. 
bility of the surrounding medium. The value in international henry 
was obtained by a series of electrical measurements that involved , 
resistance whose value was known in international ohms and a siny. 
soidal current whose frequency was precisely known. 

For making the electrical measurements, a standard resistor and the 
primary of an auxiliary mutual inductor were connected in series to the 
source of the sinusoidal] current. The secondary of this inductor was 
connected to the primary of a second mutual inductor. The electro. 
motive force induced in the secondary of this second mutual inductor 
was balanced against the fall in potential over the standard resistor, 
Comparisons of the mutual inductances of the auxiliaries with that 
of the standard mutual inductor and an evaluation of the frequency 
of the sinusoidal current were required to determine the mutual in. 
dutance of the standard in international henrys. The electrical 
measurements were made with extreme care. The authors gave careful 
consideration to every suggested source of error and succeeded in 
devising an experimental technique that apparently made the error 
of measurement negligibly saad. They made 23 sets of measur- 
ments, each of which required 8 separate observations in order to 
eliminate correction terms. The maximum deviation of the value 
obtained in any set of observations from the mean was 9 parts per 
million. The authors estimated that the electrica! measurements did 
not introduce an error of more than 5 parts in a million in the final 
result, and this conclusion is well supported by the data. 

The computed value of the mutual inductance of the standard 
mutual inductor was not as accurately known as the measured value. 
The primary winding of the standard consisted of two helices wound 
on the same marble cylinder and separated by a distance about twice 
the length of each helix. The secondary was a multilayer coil having 
twice the diameter of the helices. It was coaxial with the helices and 
midway between them. The details of the mechanical measurements 
have not been published, but they have been published for two very 
similar inductors made by the NPL for the Japanese Government. 
The first was destroyed in the Tokio earthquake and was later re- 
placed. It will be assumed as a basis for discussion that the variations 
in dimensions of the inductor retained at the NPL are about the same 
as the corresponding variations in dimensions of one of the inductors 
sent to Japan. The ellipticity of each helix was such that in every 
plane perpendicular to the axis the major diameter was 70 ppm greater 
than the minor diameter. Also the form on which the two helices 


were wound was slightly conical, so that the average diameter of one 
helix was 22 ppm larger than the average diameter of the other. 
The pitch of one helix was 70 parts in a million less than its nominal 
value of 1 mm, whereas at the other end it was 600 parts in a million 
greater than the nominal value, and there were variations in pitch of 


5 L. Hartshorn and N. F. Astbury, The absolute measurement of resistance by the method of Albert Campbell 
Trans. Roy. Soc. (London) [A] 236, 423 (1937). 
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necause of the variation in pitch, but neither of these corrections could 
be determined with much accuracy. Errors in the dimensions of the 
secondary and in its location relative to the primary probably did not 
introduce an error greater than 1 ppm in the computed inductance. 

The imperfection in the construction of the inductor might lead to 
the conclusion that there was considerable uncertainty in the value of 
the computed inductance. However, the measured difference between 
the inductance of the NPL standard and that of one of those prepared 
for the Japanese Government agreed with the computed difference 
within 5 ppm, and the agreement between the NPL standard and the 
second Japanese standard was 8 ppm. These agreements in the 
measured and computed differences do not make certain that the com- 
puted inductances are correct, since the same type of systematic 
errors could have occurred in the measurements upon all three in- 
ductors or in the computations of their inductances. The error in the 
computed inductance may have been more than the 10 ppm estimated 
at the National Physical Laboratory. Nevertheless, the agreement 
between the three inductors indicates that the corrections for irregular- 
ities are probably correct. It is an excellent piece of work and deserves 
a high weight. 


(e) 1938: JOUAUST, PICARD, AND HEROU AT LCE * 


The electrical network employed by Jouaust, Picard, and Hérou 
was the same as that used by Hartshorn and Astbury but involved 
different balancing conditions. A new description of the network is 
required to clarify the difference. A standard resistor and the primary 
of a mutual inductor were connected in series to the source of sinusoidal 
current. The resistor was paralleled with another circuit consisting 
of the primary of a second mutual inductor in series with a moderatel 
high resistance. The electromotive forces induced in the two sth i 
aries were balanced against each other by proper adjustment of the 
constants of the circuits. The product of the resistances of two 
standard resistors was equal to the product of the square of the 
angular velocity of the alternating current, the mutual inductance of 
the inductor which was connected directly to the a-c source, and the 
self inductance of the primary of the second mutual inductor. Hence 
a self and a mutual inductance had to be compared with the self in- 
ductance of a standard in the form of a helix approximately 9.5 cm in 
diameter wound with wire 0.3 mm in diameter, the pitch of the 
winding being 0.6 mm. The self inductance of this standard was 
about 18 millihenrys. The diameter of the helix was computed from 
the measured length of wire at a definite tension required to wind a 
given number of turns. This computation involved not only the 
length of wire, but also the elastic constants of the fused quartz form. 
The variations in diameter were 150 ppm. The pitch, measured on a 
special ae. per varied by as much as 50 uw from its nominal value 
: “ zu. ‘The authors do not estimate the error in the computed in- 

uctance. 


‘R. Jouaust, M. Picard, and R. Hérou, Determination of the unit of resistance in the cgs electromagnetic 
‘item, Bul. soc. frang. elec. [3] 8, 1 (1938). 
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There were 20 determinations in the final series of electrical measyy, 
ments by which the value of inductance in international henrys wy 
evaluated. Each determination required five different electriq) 
comparisons. The mean variation from the mean was +20 ppm 
The final value is given to 1 part in 100,000. The authors stat 
“We estimate that the last significant figure can differ from the try 
value by several units.” 

The method of measuring the diameter of the primary standay 
of inductance may have introduced appreciable errors. Also the 
electrical measurements were difficult and are not given in enough 
detail to permit an independent analysis. Hence the result has bee 
given a low weight. 


(f) 1938: CURTIS, MOON, AND SPARKS AT NBS’? 


The same method was employed in this investigation as was used 
by the authors in 1936. The principal improvement consisted in 
constructing an inductor in the form of a helix in which the variations 
in pitch were much less than in those previously used. The form for 
the inductor was a glass cylinder, 120 cm long, 35 cm in diameter, 
having a wall thickness of about 7 cm. In the outside surface a 
screw thread with a pitch of 1 mm was ground and lapped. In the 
screw thread was wound a wire having a diameter of 0.72 mm. The 
variations in the pitch of the winding were so small (the maximum 
observed was 0.003 u) that those indicated may have resulted from 
inaccuracies of measurement rather than from imperfections in con- 
struction. The outside diameter of the helix had a maximum var- 
ation of 4 wu, or 10 ppm. The average diameter as obtained by one 
set of measurements differed from that by another independent set by 
0.5 uw, or 1.5 ppm, but this was probably caused by uncertainties 
in the length of the two end standards used. The authors state that 
the error in the computed inductance is probably less than 4 ppm. 

The value of the inductance in international henrys was obtained 
from 90 sets of observations. The average deviation of the result 
of each set from the mean of all the sets was 6 ppm. The electrical 
measurements were not as consistent as those of Hartshorn and 
Astbury, but the standard inductor of the NBS had much mor 
uniform dimensions. Hence the result of this determination is given 
the same weight as that of Hartshorn and Astbury. 


(g) 1939: ZICKNER AT PTR? 


The method employed by Zickner was the same as that used by 
Curtis, Moon, and Sparks. Details of his method have not been 
published. The result is preliminary and hence given zero weight. 


(h) 1939: WENNER, THOMAS, COOTER, AND KOTTER AT NBS! 


Only a preliminary report has thus far been published. The 
complete report has been delayed by the war. The author of this 


1H. L. Curtis, C. Moon, and C. M. Sparks, A determination of the absolute ohm, using an improved self 
inductor, J. Research NBS 21, 375 (1938). 

8 G. Zickner, On the status of the experiments for the determination of the international ohm in absolute wnitt, 
Procaés-verbaux, Comité Consultatif d’Electricité, p. E41, 1939 (advance print for Procés-verbaux, Comité 
International des Poids et Mesures). 

* F. Wenner, J. L. Thomas, I. L. Cooter, and F. R. Kotter, Preliminary report on the absolute measuremenl 
of a resistance based on the reversal of a direct current in a mutual inductance, Procés-verbaux, Comité Con- 
—_ es p. E48, 1939 (advance print for Procés-verbaux, Comité International des Poids e 

esures). 
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digest can give a summary of the method because of his personal 
contact with the investigators while the work was in progress and 
necause & laboratory report is available to him. 

In the method empioyed in this investigation a direct current was 
nassed through a standard resistor and through the primary winding 
of a standard mutual inductor. The current through the primary of 
the mutual inductor was reversed at regular intervals without changing 
the current through the resistor. A commutator reversed the con- 
nections to the secondary of the mutual inductor in such a way that 
the pulses of induced electromotive force were always in the same 
direction. This rectified electromotive force was balanced against 
the constant potential drop through the resistor. A direct-current 
galvanometer was used to indicate the balance. When a balance was 
obtained, the equation for computing the resistance was 


where 
R=4nM, 


R=the resistance of the standard resistor in absolute ohms, 
M=the computed mutual inductance of the standard in 
absolute henrys, and 
n=the number of reversals of current in the secondary per 
second. 
The resistance in international ohms of the standard resistor was 
obtained by direct comparison with the fundamental standards of the 
National Bureau of Standards. 

The primary of the standard mutual inductor was a long helix from 
which two sections were removed. The porcelain cylindrical form for 
this helix was 83 cm long, 41 cm in diameter, and had a wall thickness 
of 6cm. A screw thread having a pitch of 2 mm was ground and 
lapped in the outer surface. It was wound with wire 1.7 mm in diam- 
eter. The two portions that were removed were each 5.6 cm long 
and started 2.5 cm from the median plane. 

The secondary was wound on a form made by cementing together 
three glass disks, the two outer ones having larger diameters than the 
inner one. The cemented structure formed a ring having a channel 
8mm wide and 25 mm deep. The mean diameter of the secondary 
was 52.5 cm. ‘The median plane of the secondary coincided with the 
median plane of the primary. 

The important dimensions for computing the inductance were the 
diameter and the pitch of the helix. The maximum variations in 
diameter were less than 20 ppm. The variations in pitch were 
negligibly small. The mean pitch was measured to about 10 ppm. 
The error in the computed inductance was probably less than 10 ppm. 

The electrical measurements repeated to 1 or 2 ppm. However, 
there was the possibility of systematic errors, as very little variation 
of conditions was introduced. 

This investigation suffers only by the fact that it}has not{been 
subjected to the critical analysis that is inherent in preparing a report. 
for publication. If published reports only are considered, the result 
of this investigation is preliminary and should be given zero weight. 
However, the author of this review, knowing the reasons for the delay 
in publication, feels justified in giving it an intermediate weight.. 
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III. VALUES OF THE ABSOLUTE OHM IN TERMS OF Ty 
MEAN INTERNATIONAL OHM 


The results of all the determinations discussed in this review gy 
given in table 1. Each result has been expressed in terms of thy 
value of the mean international ohm which had been established neg. 
est in time to the determination. The results of Yoneda and Zickny 
have been given zero weight, as both the authors state that they a» 
preliminary and no additional evidence is available. In Vigoureux, 
work, there were uncertainties in the electrical measurements an 
variations in the mechanical dimensions of the apparatus so that , 
weight of unity was assigned. The same weight was given to th 
results of Jouaust, Picard, and Hérou, who used novel methods of 
measuring the mechanical dimensions and of making the electrical 
measurements, and who did not use sufficient checks to convince the 
reader that systematic errors were eliminated. The 1936 result of 
Curtis, Moon, and Sparks has been given a weight of two because of the 
thorough checking that was employed. The only weakness of this 
work was the inherent imperfections in the helices. The work of 
Wenner, Thomas, Cooter, and Kotter, although carried out with 
great care, may still contain some systematic errors that will be brought 
to light when it is prepared for publication. It has therefore been given 
a weight of three. The results of Hartshorn and Astbury and of 
Curtis, Moon, and Sparks in 1938 are each given a weight of five. The 
inductor of Hartshorn and Astbury was less perfect than the one of 
Curtis, Moon, and Sparks, but the electrical measurements of the 
former showed smaller variations than those of the latter. These two 
researches appear to have eliminated sources of error more completely 
than any of the others and hence are given the highest weight. 


TABLE 1.—Results of recent determinations of the absoluie ohm 














vos =: 

mean inter- P 

Year Author national ohm — 

in absolute ig 
ohms 

Rs sels siciceo dele Gy citiantlesaihall Curtis, Moon, and Sparks...........-..--.---.-- 1. 000 454 : 

SERRE Bk eceiinin dented ccise kis shaped cydertogs whos leak wines Lone wa 1. 000 499 1 

RE AS ERE a p ERR CR Saye Pam ~ pee lem freee es 1. 000 465 |. 

nn eie kn ciniekalubetne od ...| Hartshorn and Astbury. ---....---.. eR a 1. 000 505 5 

NRE R RIE EPR: Jouaust, Picard, and Hérou_..-_.._...- Seat ibics 1. 000 520 2 

tihisiublinpthop ene eecbne Curtis, Moon, TIES COTES es 1. 000 482 5 

Dh ciepheghadckkeddabe cence aeRO 5 tI A Aa SIPS Rc: RA 1.000 50 |------.-- 

RES Te a or Wenner, Thomas, Cooter, and Kotter---.-..._-- 1. 000 488 3 
a iisicctstcienrscinhisptlhasinenibbdeitenaaes 1.000 490 |..--.-...- 














The results given in table 1 indicate that the most probable value 
of the absolute ohm is 


1 mean international ohm= 1.000 490 absolute ohms. 


Although the weighting has been made according to the best judg- 
ment of the author, actually the method of weighting affects the 
result but little. The means obtained by various methods of weight- 
ing the results are given in table 2. 
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P THR 
ABLE 2.—Weighted means obtained by various methods of weighting the eight results 
on the absolute ohm 
lew are 
Weighted 
of that Method of weighting weighted deviation 
| Near. : mean —_| from the 
Lickner — 
ley are si 
ppm! 
Oe rastalal ten Rt NA iL oat vender ich carmedesdesapabkbonigdovessves 1.000 490 4 
ts and Equal weight to all eight... ....--...-.------------------------+----------------- 1, 000 489 17 
Equal weight to 6 not preliminary .---..-.-.-...-..------------++---------------- 1. 000 491 17 
that a Mi ydual weight to 3 with highest weights...-.---2.2.02222.000TIccc. 1, 000 492 9 
to the ii 
ods of 1 The mean value from which the deviations are taken is the corresponding value in the preceding column. 


The weighting is that indicated in the first column for that row. 


trical 
ce th I Iv, VALUES OF THE ABSOLUTE OHM IN CERTIFIED 
oe INTERNATIONAL OHMS 


this In certifying standard resistors, each of the national laboratories 
rk of has used a value of an international ohm that is different from the 
With mean international ohm. In fact, some laboratories do not use the 
Ought HMB same unit of resistance in their regular certifications as in their reports 
give. BF to the International Bureau, although both units may be called inter- 
nd of MM national ohms. Hence a laboratory which maintains its resistance 

The I unit by means of standards certified by a national laboratory must 
ne of HM know the relationship between the mean international ohm and the 
f the HE unit used in certifying resistors before conversion to absolute ohms 
@ two MM can be effected. The necessity will be illustrated by explaining the 
letely MF different units of resistance that are now used at the National Bureau 
of Standards, giving enough historical background for the reader to 
appreciate the way in which these units arose. 

The international ohm as now certified by the National Bureau of 
Standards has been maintained, without intentional change, for 35 
sine Me years by means of standard resistors. A value of resistance based on 
weight the mercury ohm was assigned to each of a group of standard.resistors 
in 1908. The unit based on the values of these standard resistors has 
- @® been used by the Bureau in regular certification of standards since 
oat time and is herein called the ‘international ohm (certified 
} dg 
In 1910 an International Technical Committee met at the National 

Bureau of Standards to determine the value of the international volt 

' @® from measurements with silver voltameters. Before proceeding 
biases with the determination of the volt, the Committee had to reach an 
— asreemea concerning the most probable value of the international 
ohm. They agreed to use the average of the two latest determinations 


alue TM of the mercury ohm up to that time. This unit was only 7 ppm 
smaller than the unit which was then in use at the National Bureau of 
Standards. At that time it did not seem worth while to change the 
values assigned to the Bureau’s standards by this small amount, so 
Pi that the ohm as used before 1910 has continued to be the basis of 
tr certified values up to the present time. However, when international 
hte cooperation was again undertaken after some 20 years, this difference 
B of 7 ppm was of some moment. In the international comparisons 


made during the last 10 years a unit has been used in which a cor- 
rection for the difference of 7 ppm has been made. The published 
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results of the Bureau’s absolute electrical measurements have hey 
made in terms of this unit, which has been referred to as the “Nps 
international ohm.” The value of a resistance in international ohpy 
(certified NBS) may be converted to its value in NBS internation 
ohms by multiplying by 1.000 007. 

The comparisons of the units of resistance made at the Internation, 
Bureau of Weights and Measures in 1939 gave the NBS internation) 
ohm as 3.2 parts per million less than the mean international ohm, q 


1 mean international ohm=1.000 003 NBS international ohms, 
Hence 

1 international ohm (certified NBS)=1.000 004 mean int. ohms, 
It follows from the results given in table 1 that 

1 international ohm (certified NBS)=1.000 494 absolute ohms. 


V. RESUME OF ABSOLUTE-AMPERE DETERMINATIONS 


Seven different researches on the value of the absolute ampere 
have been reported during the last decade. The following analysis 
covers all of them. In all the determinations, the value in absolute 
amperes of a current was obtained by comparing the electromagnetic 
force on a conductor carrying a current with the gravitational fore 
on a known mass, and the value in international amperes of the same 
current was obtained by observing the fall of potential which it 
produced in a standard resistor. 


(a) 1934: CURTIS AND CURTIS AT NBS” 


The Rayleigh current balance used by Rosa, Dorsey, and Miller " 
in 1912 was reassembled and used in this investigation. In this balance 
the electromagnetic force is exerted between a multilayer moving coil 
and two multilayer fixed coils of larger diameter, all of which carry 
the same current. The moving coil, with its axis vertical, is suspended 
from the pan of a balance; the fixed coils are mounted one above, the 
other below the moving coil. The electromagnetic force is balanced 
by the gravitational force on a mass placed on the pan of the balance 
to which the moving coil is attached. 

Several sets of coils were employed, all of which were made by 
winding round wire in a channel cut in a brass form. The moving 
coils had diameters of either 20 or 25 cm, and the fixed coils had 
diameters of 40 or 50 cm. Each coil had an approximately square 
cross section, a side of which did not exceed one-twentieth of the mean 
diameter of the coil. 

By experimentally adjusting the axial distance between the moving 
coil and each fixed coil until, with a given current, the force between 
the coils was a maximum, the method of computing the current was 
so simplified that, for a first approximation, the only mechanical quan- 
tity required was the ratio of the mean radii of the coils. This was 
obtained by comparing the currents required to produce equal and 
opposite magnetic fields at their centers when the coils were coaxial 
and concentric. Hence no precise mechanical measurement of the 


1 H. L. Curtis and R. W. Curtis, An absolute determination of the ampere, BS J. Research 12, 665 (194) 


RP685. 
ii EK. B. Rosa, N. and J. M. Miller, A determination of the international ampere in absolule 


E. Dorsey, 
measure, Bul. BS 8, 269 (1912) 8171. 
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heey diameter Was required. The next approximation was developed by 
‘NBs famassuming that the current was uniformly distributed over the cross 
ohng AEsection. Then the computation of the absolute value of the current 
tion AMMrequired in addition to the ratio of the mean radii, the ratios of both 


the width and depth of each coil to its diameter. These additional 
ratios were determined by Rosa, Dorsey, and Miller when the coils 
were constructed by making measurements of each dimension. 

In the reassembly, slight changes were made to improve the con- 
yenience of operation, but the same wire-wound coils of many layers 
were employed. The ratios of the radii of the coils were redetermined, 
but no checks on the additional ratios were possible. 

The results indicate that the value obtained with a set of coils, 
each of which had small ratios of the width and the depth of the cross 
section to the diameter of the coil, was more dependable than the 
value obtained when this ratio was larger. However, it appears that 
ONs fa the correction for the cross sections of the coils could not in any case 

be accurately made, as the wires were not uniformly distributed 
pere ME throughout the cross section. In winding the coils, the wire could 
lysis {HE not be uniformly distributed, this being especially the case where the 
slute HE wire passed from one layer to the next. The coils used in this investiga- 
netic [ME tion are so inferior to those used in more recent investigation that the 
‘ores Me result has been given zero weight. 
am 
h i (b) 1935: DUPOUY AND JOUAUST AT LCE” 


The authors used a balance of the type proposed by Cotton. In 

this type of balance, the electromagnetic force between a short con- 

, gg ductor carrying a current and a strong magnetic field in which it is 
a placed, is compared with a gravitational force. The computation of 
‘ee HM the current requires a knowledge of the magnetic induction in the 
coil region occupied by the conductor. As there is no independent method 
MY @® of measuring this induction with precision, the absolute value of the 
ded HM current is not accurately determined. The authors state that their 
the HM result may be in error by a few parts in 10,000. The result has been 


+ given zero weight. 
| 


(c) 1936: VIGOUREUX AT NPL ® 


‘ing This author used the balance designed by Ayrton, Mather, and 
had Je Smith, but constructed new coils for it.'4 The coils were in the form 
are fe Of helices of wire, wound in screw threads cut in marble cylinders on 
ean J lathe. Two moving coils and four fixed coils were employed. One 
moving coil was hung on each of the pans of a balance. These moving 
ing @ coils were cylinders 20 cm in diameter having a length of winding of 
een J 15.2 cm. The two fixed coils, which were used in conjunction with 
yas J 4 single moving coil, were wound near the two ends of a hollow cylinder 
an- Mm of marble about 32 cm in diameter. Each helix was 11 cm long, 
yas #™ and there was a 3-cm gap between them. Each pair of fixed coils 
ind @® Was coaxial with its moving coil, and the center of the gap between 
s the fixed coils coincided with the center of the moving coil. 
the 


eee 
"G, Dupouy and R. Jouaust, On the absolute measurement of a magnetic field and the determination of the 
ampere in absolute value, J. phys. et radium [7] 6, 123 (1935). 


934) *P. Vigoureux, An absolute determination of the ampere, Trans. Roy. Soc. (London) [A] 236, 133 (1936); 
Nat, Phys. Lab. Collected Researches 24, 173 (1938). 
‘W.E. Ayrton, T, Mather, and F. E. Smith, A new current weigher and a determination of the electro- 
motive ‘fares of the normal Weston cadmium cell, Trans. Roy. Soc. (London) [A] 207, 463 (1908); Nat. Phys, 
lab. Collected Researches 4, 1 (1908) . 


hute 
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In deriving the formula for computing the current, a first appr, 
imation was obtained by assuming that each coil was a current shox 
Corrections were then applied for the discrete windings of the qj 
and for the interaction between the two sets of coils. 

The helices showed rather large variations in their dimensioy 
The maximum variation in diameter of each fixed coil was 50 ppy 
and of each moving coil 100 ppm. All the coils had periodic vary. 
tions in pitch, the total amplitude being about 10y, in a pitch ¢ 
1,000 u. The author states, ‘This periodic error constitutes a serioy 
defect in the coils of this current balance.” 

The result is given as the electromotive force of the neutral cai. 
mium cell at 20° C. The voltage of the typical cell as realized at th 
NPL was found to be 1.01816 abs amp X NPLint. ohm. Some late 
measurements gave 1.018151. The author states that, neglecting , 
possible error in the value of gravity at Potsdam, the “accuracy wil 
be assessed” at 20 pe In view of the variations in the mechanic] 
dimensions noted above, it seems that a systematic error of mor 
than 20 ppm might be present. 

Several steps are required to convert the value given by the author 
from the units which he used to those herein employed. The result ob- 
tained by making this conversion is given in table 3. Because the 
dimensions of the coils showed large variations, the result is given a 
intermediate weight. 


(d) 1937: YONEDA AND ISHIBASHI AT ETL" 


The authors used a Rayleigh current balance with wire-wound 
coils. The apparatus was very similar to that employed by Curtis 
and Curtis in 1934. No details of the apparatus or of the methods o 
measurement are available. Only a preliminary result is given, 
Zero weight is assigned to the result. 


(e) 1939: CURTIS, CURTIS, AND CRITCHFIELD AT NBS" 


This investigation is a continuation of the work of Curtis and Curtis. 
Two new fixed coils and two new moving coils were used in the Ray- 
leigh current balance, but otherwise the same apparatus was used and 
the same technique followed as that described in the first review of 
this series. Both of the new fixed coils and one moving coil were flat 
spirals of aluminum ribbon. The second moving coil was a short 
helix. The insulation of the aluminum ribbon consisted of a thin 
layer of aluminum oxide, which was formed by electrolytic action on 
the surface of the ribbon. The coils were very compact and uniform. 
They conformed much more closely to the requirements assumed in 
the mathematical derivation of the formula for computing the abso- 
lute value of the current than was the case with the multiple-layer 
coils of wire. 

The short helix used as a second moving coil consisted of wire wound 
in a screw thread that was lapped in a glass form. The length of the 
winding was 2.6 cm. The formula for computing the current when 
using this moving coil was a modification of the formula for coils with 
an approximately square cross section. The diameter was not meas- 

18 R. Yoneda and Y. Ishibashi, Absolute determination of current, Procés-verbaux, Comité Internation#l 
des Poids et mm 18, 185 (1987). sae conaneel 
16H. L. Curtis, R. W. Curtis, and C. L. Critchfield, An absolute determination of the ampere, using impr 

oils,J Research NBS 22, 485 (1939) RP1200, 
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ed for this research, as the ratio of its diameter to that of each of 
he fixed coils was measured by the magnetic method. 

The most probable value of the absolute ampere as reported by the 
thors was an average of four values, two obtained when using the 
ils described in the preceding paragraphs and two from the paper of 

rtis and Curtis. It now seems desirable to discard all results ob- 
,ined with multiple-layer coils of wire such as were used by Curtis 
nd Curtis. Hence the result for this research given in the table 
hich follows is the average of the two values obtained when usin 
niral fixed coils with two different moving coils, one being a spira 
nd the other a short helix. It is slightly different from the results 
iven in the paper as the most cobbeite value of the absolute ampere. 


high weight is assigned to the result. 


(f) 1939: VON STEINWEHR AT PTR" 


A Rayleigh current balance was used in this investigation. Meth- 
ds of computation and operation similar to those used by Curtis and 
urtis were employed. ost of his coils were wound with ribbon. 
\ pair of fixed coils and a moving coil were made by winding a spiral 
f copper ribbon in which the turns were insulated by a layer of silk. 

79 moving coils were made from aluminum ribbon, insulating the 
urs by a layer of aluminum oxide as described by Curtis, Curtis, 
nd Critchfield. One pair of fixed coils was wound with enamel- 
overed wire. The author states: “The results . . . must not yet be 
onsidered final.” Zero weight is assigned to the result. 


(g) 1942: CURTIS, DRISCOLL, AND CRITCHFIELD AT NBS * 


In this investigation the apparatus was the same as that described 

the fifth review, except that the fixed coils of aluminum ribbon 
were replaced by helices which were the two halves of a single helix 
lectrically divided into two parts by attaching a lead at the midpoint 
bf the winding. The method of obtaining the constants of the balance 
was quite different from that employed when the fixed coils of alumi- 
hum ribbon were used, because with the helical fixed coils the magnetic 
method of obtaining the ratio of radii of fixed and moving coils was 
hot applicable. When the helical moving coil was used, the force 
ber unit current was computed from the dimensions of the fixed and 
moving helices. When the spiral moving coil of aluminum ribbou 
was used, its effective radius was obtained by an indirect method. 

When the helical moving coil was employed, the balance was similar 
0 the one used by Vigoureux at the NPL, the principal difference 
being that the moving coil was much shorter. 

The variations in the dimensions of the helices were small. The 
maximum variation in outside diameter of the fixed helix having a 
diameter of 46 em was 0.4 ,0or1l ppm. The length of the two halves, 
each 14 cm long, did not differ by more than 0.8 yu, indicating very 
uniform pitch. No periodic error in the pitch could be detected. The 


LL 
" H. von Steinwehr, mig 20d concerning the progress of the experiments on a determination of the international 
ampere in absolute units, Procés-verbaux Comité Consultatif d’Electricité, p. E51, 1939 (advance print for 
Procts-verbaux, Comité International des Poids et Mesures). 
R. W. Curtis, R. L. Driscoll, and C. L. Critchfield, An absolute determination of the ampere, using helical 
and spiral coils, J. Research NBS 28, 133 (1942) RP1449, 


611014442 
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outer surface of the moving coil with the helical winding had the shy 
of an elliptical cylinder with a mean diameter of 24.5 cm and a le 
of 2.6 cm. The difference between the major and minor diameta 
was 13 4. However, the average diameter as obtained from measy, 
ments at six equally spaced generators differed from that obtaing 
from the six interspaced generators by only 0.1 u, or less than 1 pay 
in a million. The pitch was so uniform that no variation exceed 
0.1 » could be detected. 

The mean diameter of the spiral moving coil was obtained by y 
indirect comparison with the helical moving coil. The ratio of th 
diameter of each moving coil to the diameter of each of six fixed cis 
was obtained by a magnetic method. The mean deviation in the giz 
ratios of the diameters of the two moving coils was 5 ppm. 

Tke authors include in their final value the results of the investi. 
gation that was completed in 1939, as well as those obtained with the 
coils described in the preceding paragraphs. However, the value for 
the 1942 investigation as given in table 3 is the average of only the tw 
values obtained with the subdivided helix for the fixed coils and with 
either a spiral or a short helix as the moving coil. A high weights 
given to this result. 


VI. VALUES OF THE ABSOLUTE AMPERE 


The results of all determinations of the absolute ampere herein dis. 
cussed are given in table 3. Weights have been arbitrarily assigned to 
the result of each determination. 


TABLE 3.—Resulis of recent determinations of the absolute ampere 














vom) 
mean - 
Year Author national am- a 
re in abso- | Welet 
ute amperes 
ON i ditincnttvitimbcintedebiaid ORE CORNII odin ne singumipistinnnkinmpciion 0. 999 934 j.......... 
Piskti-enuecesckenwe door’ TOON TY, MMs COMBI. co acc ce cs coc ccedencesece «eee 
TESA Peet rere Vin ORN 52 55h edincdibed dh de sikddenn} sibel . 999 863 i 
i cdinnnahinne LAist: oantiaiial Yoneda and Ishibashi............-.-...-....-..- - 999 938 |.......... 
Pek wndldesn ahi stehae.tetde Curtis, Curtis, and Critchfield.................- . 999 860 H 
OE ee es 5 ae Se ERS: Ae tae oem a eee TS 1.000 04 |-....-.... 
enti itcrentn go acing tneictnes aghe=tiac Curtis, Driscol], and Critcbfield............2.-- 0. 999 856 5 
Woeletied menn......--.... 2 ---0ne cause #0. 999 859 Jeveeceen 











* This value is corrected on page 252 for the new value of the acceleration of gravity. 


The weighting markedly affects the results. This is shown by the 
values given in table 4. This is in contrast with the results for the 
ohm, as shown in table 2. 
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BLE 4.—Weighted means obtained by various methods of weighting the seven results 
on the absolute ampere 














Weighted 

Resultin mean 
Method of weighting weighte deviation 

mean from the 

mean 

b! 0. 999 859 pen 3 
; Pie By CODES Bie apiece wees hs, codabdddececnwnscctancadvenssn 
by al ict Staith hh NE ON ok Linki k's dine <ipeisiine ob desahdd eaeaermnnphein maa Tao whey . 999 912 61 
of the qual weight to 4 not preliminary... ...-..---.------------------+. ------------+= . 999 878 23 
i i qual weight to 3 with highest weights................- Lcceiphdinieenca ds ¢hksgdtuce . 999 860 2 
C0) 





he ax 1The mean value from which the deviations are taken is the corresponding value in the preceding 
umn. The weighting is that indicated in the first column of the corresponding line. 




















vest The results of Curtis and Curtis and of Yoneda and Ishibashi, both 
th thet which were obtained with multilayer coils of round wire, have been 
ue for iven zero weight. ‘The result of Dupouy and Jouaust was incidental 
‘¢ two another investigation, and the authors do not claim an accuracy 


| with Bf much more than 1 part in 10,000, so it also has been given a zero 
ght is veight. The result of Von Steinwehr is given by the author as pre- 
iminary, and the wide variation of his results when using different 
oils supplies an added reason for giving zero weight. The weight 
or the result of Vigoureux is not the highest because of the imperfec- 
ions of the coils in his balance. Only two determinations can be 
given the highest weight, and both of these are from the laboratories 
of the National Bureau of Standards. 

The value of the acceleration of gravity, which enters into all seven 
results, was in every case based on that obtained at Potsdam, Ger- 
nany, by an absolute measurement carried out during the first decade 
of this century. Transfers by pendulums of invariable length have 
been made from Potsdam to the laboratories making the absolute 
measurement of current. In the last few years two absolute deter- 
minations of the value of gravity have been made, one at the NPL 
mand the other at the NBS. Moreover, the methods used in reducing 
the data of the Potsdam determination have been reexamined.” 
he revised Potsdam value was compared with the two more recent 
determinations. The conclusion was reached that the most probable 
value of the acceleration of gravity at the gravity station of the 
National Bureau of Standards is 


n dig. 
ed to 


980.083 cm/sec’. 
At the pan of the current balance, the value becomes 
the 980.082 cm/sec’. 


The value of gravity used in the three recent determinations of the 
absolute ampere at the NBS was 


980.095 cm/sec’. 


This difference of 13 ppm in the numerical value of the acceleration 


ave ee Dayan, A reexamination of the Potsdam absolute determination of gravity, J. Research NBS 29, 303 
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of gravity makes a decrease in value of the absolute ampere of 4; 
ppm. Presumably, the value of the absolute ampere obtained 

other laboratories requires an identical correction. Making {hj 
correction to the weighted mean value obtained from table 3, 


1 mean international ampere=0.999 853 absolute ampere 


From relationships given elsewhere between the mean internatioy 
ohm and volt and the international ohm and volt as certified by ti 
National Bureau of Standards, it follows that 


1 international ampere (certified NBS)=0.999 838 absolute amper 


VII. MAINTENANCE OF THE VOLT AND ITS ABSOLUTE 
VALUE 


The volt is maintained at the national standardizing laboratoria 
by groups of standard cells.” The group at the National Bureau ¢ 
Standards consists of about 20 cells, several of which were made i 
1906. In 1911 the average of the group was assigned a value in inter 
national volts that was determined from the international ohms 
obtained from a column of mercury, and the international ampere a 
obtained from deposits of silver in a silver voltameter. The wif 
thus established has been maintained until the present time and ha 
been used both in international comparisons and in certifications 
Comparisons made at the International Bureau in 1939 showed thaj 
this unit of electromotive force is 11 ppm less than the mean inter 
national unit. From the weighted mean values of the absolute ohm 
and ampere in terms of the mean international ohm and ampere, j 
follows that 


1 mean international volt=1.000 343 absolute volts. 
Hence 
1 international volt (certified NBS)=1.000 332 absolute volts. 
VIII. THE UNITS OF INDUCTANCE AND CAPACITANCE ‘ 


The units of inductance and capacitance are maintained at each 0 
two of the national laboratories by reference to a standard inductor 
whose inductance can be computed from its mechanical dimensions. 
In two other national laboratories, the units are not maintained i 
dependent of the other electrical units but standards of inductance 
and capacitance are frequently measured in terms of resistance and 
time. The latter method is employed at the National Bureau 
Standards. 


2%” For methods used by the different national laboratories to maintain the units of resistance and of electt® 
motive force, see H. L. Curtis, The Establishment and Maintenance of the Electrical Units, Bul. Nw. 
R Council No. 93 (1933). So far as the author knows, the oy change in methods which has beet 
stented since the above was written is the use of improved standard resistors at the National Bureau 

s. 
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Measurements of time can be made with extreme accuracy. Hence 
of fi e relationships between the various units of inductance are identical 


hed meth those of the units of resistance, but between the units of capaci- 
gt ce the relationships are the reciprocals of those of the units of 
psistance. 

Q me ence 
tions international henry (certified NBS) =1.000 007 NBS international 
by th henrys. 

ee =1.000 004 mean international 

henrys. 

mpere = 1.000 494 absolute henrys. 


LUTE? 
international farad (certified agar te NBS international 
arad. 
tories =0.999 996 mean international 
ea of farad. 
aude in =0.999 506 absolute farad. 


inter 
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ere a 
> un 
d has 
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IX. SUMMARY 





The factors for converting the value of a standard as certified in 
nternational units by the National Bureau of Standards to its value 
“hale absolute units according to the analysis of this paper are given in 
; able 5. 

inter 


» OME ABLE 5.—Factors for converting the value of a standard in international electrical 
re, it units (certified NBS) to its value in absolute uniis 



















Conversion 
Quantity Unit fncher | 











RE NEE LAS PEATE RE BPs Nis eh mane nls Sia de weaciighd noel Soh aie 1. 000 494 
BB SEE Ee ESE ee ey Te Ses eh hein abl sab 1. 000 332 
0 EERE I See PRES PU Sa er ia stk en dininheins pil 0. 999 838 
Rhett RRS Sk SR Te 3 RCA Se a ORR Ray dle eee oy oe 
a Bre lk a ee a a Ee te go ale ak iy 4 
i et Balt sis gah Bic ee re te ae Se 
Ssbcasbascdbdatdocabisatvthek catueeleukk ADSL. Shieh iis is sh ben ae dl eaelcwake 1.000 170 
chs oh b Sots nates ec tin cts i dca ghia ied (ECE Papa ASR ie Sy > REE eee 1.000 370 





' The figures in the last decimal place have little significance. 


X. COMPARISONS OF RESULTS WITH THOSE OF OTHER 
RECENT COMPILATIONS 


Two other compilations of the absolute values of the electrical units 
lave recently been made. The values of the ohm and ampere as given 
by the three compilers are collected in table 6. Dunnington * gave the 
‘lation of the NBS international ohm and ampere to the absolute ohm 
ind ampere but did not indicate the analysis by which he arrived at 








en one The atomic constants: A revaluation and an analysis of the discrepancy, Rev. Modern. 
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the published results. For this compilation his values have beep » 
duced to mean international ohms and amperes and his valuo of tj, 
ampere changed to correspond to the recent determinations of gravity 
Stille * made a complete and impartial analysis of the recent deta 
minations of the ohm and the ampere. He has modified the results 

published by the different authors, so that all are expressed ag thy 
value in absolute units of 1 mean international unit. His final valy 
for the ampere is carried only to 1 part in a hundred thousand, by 
he has given several possible interpretations in which the value j 
carried to 1 part in a million. The value which he appears to favor 
corrected to correspond to the value of gravity used in this comp 
tion, has been chosen for inclusion in table 6. 


TABLE 6.—Conversion factors given by various compilers 








Value in absolute units of| 
mean international unit 
Compiler 





Ampere 

















ampere is not so well established as t 
119 parts in a million. This large difference can be explained by the 
following considerations. Dunnington did not have available one, and 
prnbary two, of the recent determinations of the National Bureau of 
tandards. Probably he would now give a value lower than the one he 
used in 1939. Stille did not have available the paper by Curtis, 
Driscoll, and Critchfield, which would have lowered his average. 
However, the difference is largely due to the adoption by the writerin 
this compilation of a system of weighting results. Stille has done the 
equivalent of this by giving for one author several values corresponding 
to the different sets of coils he used, whereas for others he gave only the 
average of two or more sets of coils. The weighing in this paper is ol 
necessity arbitrary, but it represents the best judgment of the author 
of this review. 


Wasxineton, May 15, 1944. 


uae The conversion factors from the international to the absolule electrical units, Z. Physik. ial, 
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TS OF COMBUSTION OF EIGHT NORMAL PARAFFIN 
HYDROCARBONS IN THE LIQUID STATE 


By Edward J. Prosen and Frederick D. Rossini 


ABSTRACT 


The heats of combustion of n-pentane, n-hexane, n-heptane, n-octane, n-nonane’ 
-decane, n-dodecane, and n-hexadecane, in the liquid state, were measured 
ith a bomb calorimeter. The samples of hydrocarbon were of known high 
purity, were inclosed in thin L game bulbs and placed in a platinum cup in the 
alorimetric bomb with purified oxygen at a pressure of 30 atm, and were ignited 
lectrically with a wire fuse. The amount of reaction in each experiment was 
Hetermined from the amount of carbon dioxide formed by the combustion. Tests 
were made for the presence of carbon monoxide and other products of incomplete 
ombustion. ‘The calorimeter system was calibrated with electrical energy. 

From the experimental data were calculated the following values for the heat 
f combustion, at 25° C and constant pressure, of the liquid hydrocarbon in 
baseous oxygen to form gaseous carbon dioxide and liquid water, with all the 
eactants and products in their thermodynamic standard reference states, in 
nt. kj/mole: n-pentane, 3508.56 +0.77; n-hexane, 4162.34 +0.83; n-heptane, 
$16.35 +0.87; n-octane, 5469.82 +1.05; n-nonane, 6123.90 +1.12; n-decane, 
6777.47 +1.52; n-dodecane, 8085.20 +1.65; n-hexadecane, 10699.1 +2.8. The 
orresponding values in kcal/mole, obtained by using the factor 1/4.1833, are 
pentane, 838.71 +0.18; n-hexane, 994.99 +0.20; n-heptane, 1151.33 +0.21 
octane, 1307.54 +0.25; n-nonane, 1463.89 +0.27; n-decane, 1620.13 +0.36; 
y-dodecane, 1932.73 +0,39; n-hexadecane, 2557.58 + 0.68. 
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I. INTRODUCTION 


In continuation of the work of the thermochemical laboratory of 
this Bureau in determining the thermochemical constants of gy}. 
stances, the heats of combustion of n-pentane, n-hexane, n-heptane 
n-octane, n-nonane, n-decane, n-dodecane, and n-hexadecane, jy 
the liquid state, were measured. This paper describes in detajj 
the calorimetric and chemical apparatus and procedure and givg 
the experimental data obtained. 






















II. UNIT OF ENERGY, MOLECULAR WEIGHTS, ETC. 


The unit of energy upon which the experimental values of this 
investigation are based is the international joule determined by the 
standards of resistance (international ohms), electromotive fore 
(international volts), and time (mean solar seconds) maintained at 

this Bureau. 

For the conversion of values in international joules to value 
expressed in terms of the conventional thermochemical calorie, the 
following relation is used [1] :' 


4.1833 international joules (NBS)=1 calorie. 


The molecular weight of carbon dioxide, the mass of which was 
used to determine the amount of reaction, was taken as 44.010, fromm, , 
the 1941 table of International Atomic Weights [2]. | 

The uncertainties assigned to the various quantities dealt with i 
this paper were derived, where possible, by a method previously 
described [3]. In other cases, reasonable estimates of the uncertainty 
were made. 












































III. METHOD 


The method is the substitution method, in which the heat evolvaj 
by a measured amount of chemical reaction is compared with the 
heat evolved by a measured amount of electrical energy, with the 
calorimeter system serving as the absorber and comparator of the two 
kinds of energy. A standard calorimeter system was used and th 
temperature rise was made substantially the same in all experiment 

The energy equivalent of the calorimeter is determined in a sere 
of experiments with electrical energy. The relation used in compulil 
the energy equivalent of the calorimeter £,, is 


E,=fY/AR,, 


where Y is the observed electrical energy ;f is a constant whose value 
the resultant of the various calibration factors associated with t 
instruments used in measuring the electrical energy, such as the stant 


1 Figures in brackets indicate the literature references at the end of this paper. 
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rd resistances, standard cell, resistance coils of the potentiometer, 
iming apparatus, etc., and AR, is the rise in temperature measured 
43 an increase in resistance in ohms of the given platinum resistance 
hermometer at the given mean temperature. The product fY gives 
he electrical energy in terms of the unit fixed by the units of resist- 
nce, electromotive force, and time. In the present experiments this 
nit is the international joule. 
The amount of chemical reaction that produces, in the calorimeter, 
rise in temperature substantially equal to that in the experiments with 
is determined in a series of calorimetric reaction 
"Whe relation used in reducing the data of these experi- 


B’=B/g=AR,/W9, 


here W is the observed mass of the substance (in the present experi- 
ments, carbon dioxide) that is used to determine the amount of reac- 
ion, g is a factor whose value is the resultant of the various factors 
quired to convert the observed mass of the carbon dioxide to the 
humber of moles of the desired pure reaction AR, is the rise in temper- 
ture measured as an increase in resistance in ohms of the given plat- 
num resistance thermometer at the given mean temperature, and B 
sa constant representing the temperature (expressed in ohms) per 
nit mass of the selected substance, carbon dioxide, that determines 
he amount of reaction. 

The experimental value of the heat evolved per mole of the reaction 
eing studied is 


Q=£,B’ =(Y/AR,) (AR./W) (f/9). 


he ratios Y/AR, and AR,/W are evaluated in the electrical energy 
‘periments and the chemical reaction experiments, respectively, and 
e a F/g includes all the constant factors involved in the reduction 
the data. 

In the present investigation, the over-all uncertainty assigned to 
ny final value Q was taken as the combination (square root of the 
m of the squares) of an uncertainty of 0.010 percent in f, 0.010 per- 
ent in g, twice the standard deviation of the mean of the series of 
kperiments made to evaluate Y/AR,, and twice the standard devia- 
RW the mean of the series of experiments made to evaluate 


IV. MATERIALS, CHEMICAL APPARATUS, AND 
PROCEDURE 


1. SOURCE AND PURITY OF THE HYDROCARBONS 


n-Pentane.—The material used in series I and II and in two expen 
ents of series III was from some purified material prepared by the 
nerican Petroleum Institute Research Project 6 at this Bureau for the 
termination of physical properties and was found by A. R. Glasgow, 
. from time-temperature freezing and melting curves [12], to have 
0014+0.0007 mole fraction of impurity. The material used in two 
her experiments of series III was from the lot synthesized by Mair 
3]. From the value of the freezing point reported by him, and the 
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value for n-pentane of zero impurity [12], the amount of impunj 
in the latter sample was estimated to be less than 0.0010 mole fractioy, 

n-Hexane.—The material used in the experiments of series I anj 
series III is the same as lot I, and for the experiments of series II th, 
same as lot II, described in the authors’ report on the isomeric hey. 
anes [4]. From the value of the freezing point reported by Mai 
[13], and the value for n-hexane for zero impurity [12], the amount of 
impurity in the n-hexane used in experiments of series II was ¢gtj. 
mated to be 0.0010+0.0006 mole fraction. 

n-Heptane.—The material used in the experiments of series I anq 
II was the same as that described in the report on the isomeric hep. 
tanes [15]. The amount of impurity in the n-heptane used in th 
experiments of series III was determined by A. R. Glasgow, Jr., from 
time-temperature freezing and melting curves [12] to be 0.0019 
+0.0006 mole fraction. This material was purified by the API 
Research Project 6 at this Bureau for the determination of physica 
properties. 

n-Octane.—The lot of material used in the experiments of series | 
and that used in the experiments of series II were from material 
synthesized by the API Hydrocarbon Research Project at the Ohio 
State University. These two lots of n-octane were found by A. R. 
Glasgow, Jr., from freezing-point measurements, to have, respectively; 
0.0080 + 0.0010 and 0.0035+0.0005 mole fraction of impurity. 

n-Nonane and n-decane.—These materials were from the lots syn- 
thesized by Mair [13]. From the values of the freezing points r- 
ported by him, and the values for n-nonane and n-decane of zen 
impurity [12], the amounts of impurity in these samples were esti- 
mated to be 0.007+0.002 and 0.0006+0.0004 mole fraction, 
respectively. 

n-Dodecane.—This material was from the best lot isolated from 
petroleum by Mair and Streiff [14], who reported the amount of in- 
purity to be less than 0.0006 mole fraction. 

n-Hexadecane.—This material was purified by crystallization and 
adsorption by A. J. Streiff and B. J. Mair from material supplied by 
the E. I. du Pont de Nemours Co.* From the value of the freezing 
point, determined by A. R. Glasgow, Jr., the amount of impurity in 
this sample was determined to be 0.040+0.004 mole fraction. From 
the manner of purification, it would be expected that the impurities 
in the n-hexadecane would be pentadecanes, hexadecanes, and hepta- 
decanes. With the amount of reaction being determined from the 
mass of carbon dioxide formed in the combustion, it can be calculated 
that this apparently large amount of impurity in the n-hexadecane 
would not affect the heat of combustion by more than 1 or 2 parts 
10,000. On account of this impurity, an additional uncertainty of 
0.02 percent is carried into the over-all uncertainty assigned to the 
value of the heat of combustion for n-hexadecane. 

The amounts of impurity in the samples of n-pentane, n-hexane, 
n-heptane, n-octane, n-nonane, n-decane, and n-dodecane are such 
that they would affect the value of the heat of combustion by |es 
than 5 parts in 100,000. This conclusion is based on the fact that 
the manner of preparation and purification of these compounds was 
“4? These materials were made available by C. E. Boord, supervisor of that project, and George Calingsett 


ehairman of the Subcommittee on yas Properties. 
This material was made available by Don M. Smith. 
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“uch that the small amounts of impurities remaining would be largely 
meric. 
2. SEALING OF THE HYDROCARBONS IN GLASS AMPOULES 


The hydrocarbons were sealed in glass ampoules, prior to com- 
bustion in the bomb, in the manner described in detail in the pre- 


ious report [4]. 
3, PURIFICATION OF THE OXYGEN USED FOR COMBUSTION 


The oxygen used for the combustion of the hydrocarbons was 
ordinary commercial oxygen, which was freed of combustible im- 
purities by passage through hot copper oxide, using the apparatus 
and procedure previously described for this purpose [4]. 


4, EXAMINATION OF THE PRODUCTS OF COMBUSTION 


The products of combustion were examined to determine the 
amount of carbon dioxide formed in the main reaction of combustion 
in the bomb, the amount of nitric acid formed by oxidation of some 

f the nitrogen in the oxygen used for combustion, and the amount 
of carbon dioxide formed by subsequent oxidation of any products 
of incomplete combustion. In only one experiment (on n-octane) 
vas there found any evidence of incomplete combustion. The appa- 
ratus and procedure previously described [4] were used. 


5. DETERMINATION OF THE AMOUNT OF REACTION 


For each calorimetric combustion experiment, the amount of 
reaction was determined from the mass of carbon dioxide ; formed, 
taking 1 mole (44.010 g) of carbon dioxide as equal to 1/n moles of 
he given hydrocarbon, n being the number of carbon atoms per 
molecule. The same apparatus and procedure were used as before, 
except that, in the later experiments, a new form of absorption tube 
was used, as described below. 


6. ABSORPTION TUBES FOR WEIGHING 


The new absorption tube ‘ used in the latter part of this investiga- 
tion is shown in figure 1. The gas enters at the left, passes downward 
through the body of the tube, which contains, in order, Ascarite, 
anhydrous magnesium perchlorate, and phosphorus pentoxide, sepa- 
tated by layers of dry, shredded asbestos. The gas leaves the body of 
the tube at the bottom, passes upward through the side tube, reenters 
and passes through the cap through a right-angle tube and leaves 
at the right. The tube is closed by turning the cap one-eighth turn 
mn either direction. The advantages of this tube over the conven- 
tional U-tube for this type of work are (a) greater compactness, 
(b) greater ease in lining up two tubes in series in an analytical train, 
and (c) presence of only one lubricated ground joint. As used in this 
ihvestigation in the manner described above, the new tube had the 
disadvantage that it was more difficult to clean after being used to 
_——— TT 
‘Bee also reference [11]. 
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Ficure 1.—Absorption tube. 
(See text for explanation.) 


absorb carbon dioxide. The Ascarite becomes hard after such ab 
sorption, and when it was placed at the top of the tube, it was neces 
yo to dig a hole through it to remove the loose phosphorus pentoxide 
and magnesium perchlorate before the Ascarite is dissolved away 
with water. This one disadvantage has subsequently been eliminated 
by placing the absorbents in the absorption tube in the reverse orde 
and passing the gas through in the opposite direction. 


V. CALORIMETRIC APPARATUS 
1. CALORIMETER ASSEMBLY 


The calorimeter system was the same as that used in the previous 
investigation [4]. Some minor changes in the physical part of the 
system were made during the course of the investigation, which 
resulted in four slightly different calorimeter systems, A, B,, B2, a 
C, with the energy equivalents of systems B, and B, being substan 
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ially identical. (See section VII-1 of this paper.) The calorimeter 
eater used in the experiments with system B, and system C was 


ne one described on page 293 of reference [4] and was tightly fitting 
nthe bomb body. The calorimeter heater used in the experiments 
ith system A and with system B, was of the same design as the 
pregoing, except that the diameter of the cylinder was 9.0 cm instead 
{7.8 cm, and the heater fitted loosely on the bomb body. 

The rate of stirring of the calorimeter was 285 rpm in all the experi- 
nents with system A and system B, and was 350 rpm in all the 
emaining experiments, except where stated differently in table 1. 


2. COMBUSTION BOMB 


The combustion bomb described in reference [4] was used in all 
he experiments except those with the calorimeter system A, in which 
® bronze sleeve with 10 steel setscrews was used instead of the stainless- 
teel sleeve with 16 setscrews shown as C in figure 1 on page 294 of 
ference [4]. The stainless-steel sleeve was found to be superior 
rom the standpoint of providing more easily a tight closure of the 
bomb head on the body. Leakage of gas from the bomb at the time 
f explosion was tested for in a number of experiments throughout 
he investigation. 


3. POWER-MEASURING APPARATUS 


The electrical power was computed as the product of the potential 
lrop per ohm across a 0.1-ohm standard resistor in series with the 
alorimeter heater and the potential drop across the calorimeter 
heater, corrected for the current through the standard resistors in 
parallel with the calorimeter heater. The potential drop across the 
atter was determined from the potential drop across a 10-ohm 
tandard resistor in series with two 10,000-ohm standard resistors, 

of which were in parallel with the calorimeter heater. All the 
tandard resistors were calibrated at intervals of about 1 year by the 
esistance Measurements Section of this Bureau. 

The potential drops were measured with a White double poten- 
jometer, using saturated standard cells maintained at a constant 
emperature of 30° C [5, 6]. These cells were made by the Electro- 
hemistry Section of this Bureau and calibrated by them at intervals 
Mf about 1 year. 

The potentiometer was calibrated by the Electrical Division of this 
bureau in 1936, 1942, and 1943. From experiments with electrical 
nergy performed at various times during 1939, 1940, and 1941, a 
easonal variation of the apparent energy equivalent of the calori- 
netricsystem wasfound. The magnitude of this variation was equiv- 
lent to a maximum variation of 9 in 100,000 in the resistance coils 
Mf the potentiometer, if it is assumed that the other parts of the 
Measuring system did not change. The results of the experiments 
mith electrical energy were corrected on the basis of this assumption 
nd the results of the calibration of the potentiometer. 

Although the assumption that the parts of the system other than 
he potentiometer did not change may not be strictly correct, it is 
bousistent with the results of the calibrations of the potentiometer. 
iso, there are reasons for believing that the high-resistance coils of 
he potentiometer are affected by varying humidity to a greater ex- 
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tent than are the other parts of the system [9, 18]. The above methy 
of correcting the results of the experiments with electrical energy jj 
believed to be justified in view of these facts, and in view of the snl 
magnitude of the observed variation in energy equivalent. Recently 
the procedure was adopted of checking the potentiometer ratio at ty 
time of each experiment with electrical energy, using two know 
standard resistors and an auxiliary battery [7]. 

The entire electrical measuring system was shielded, with copy 
sheets under the instruments, calorimeter, etc., and with a grou 
connection to one of the battery leads outside of the measuring ¢ 
cuit, such that the potential difference between the leads to the pote 
tiometer and the ground was as small as possible. 


4. TIMING DEVICE 


The timing device for determining the time of input of the electric} 

ower was the same as that used in the previous investigations in this 
aboratory [8]. The current was kept flowing through an extern] 
coil of the same resistance as the calorimeter heater. At the appm 
priate instant, the current was switched into the calorimeter heats 
and then, at the end of the given time, back to the external “spil) 
coil. A correction was appropriately applied to the power measur 
ments because of the slightly different resistance of the timing switc 
circuit during the first two seconds and the last two seconds of the 
heating from its resistance during the main part of the heating perioi 
(see section VI-1). Although negligible (3 parts per million), this 
correction was made for the sake of completeness. 


5. THERMOMETRIC SYSTEM 


In the experiments witb calorimeter systems A and B, platinum 
resistance thermometer No. 285,380 was used [4], whereas in the ex 
periments with calorimeter system C a new platinum resistance ther 
mometer No. 373,730 was used. The constants provided for thi 
thermometer by the Thermometry Section of this Bureau yield the 
following relation for the range 0° to 100° C: 


j R=25.5170+-0.101615t—0.00001492¢? int. ohms 
an 
dR/di=0.101615—0.00002984¢ int. ohm/degree. 


The foregoing equations are used only to determine the temperatur 
to which the observed thermodynamic quantity is to be assigned 
A knowledge of the actual relation between resistance and temper 
ture for a given thermometer is not needed for the comparison 4 
electrical energy and chemical energy when the experiments are pe 
formed over the same interval of resistance at the same mean tell 
perature. 
The resistance bridge used was the same as that previously describe 


[5]. 
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VI. CALORIMETRIC PROCEDURE 
1. EXPERIMENTS WITH ELECTRICAL ENERGY 


The procedure followed in performing an experiment with electrical 
nergy was as follows: The fuse wire, 0.20 g of soft glass, and 1.00 ml 
f water were placed in the bomb body and the bomb was closed. 
he bomb was flushed with purified oxygen to remove the air, the 
cit valve was closed, and the bomb was filled with oxygen to a pres- 

eof 30 atm at 25°C. The standard mass of water (2,873.26+ 0.02 
) was weighed in the calorimeter can, which was then placed in posi- 
fon in the calorimeter. The heating coil was placed in position on 
he bomb body, which was then carefully lowered into the calorimeter 
an. The latter was then covered with its lid. 

The temperature of the jacket was maintained at 28.02° C, constant 
rithin +0.002° C. The experiments were begun with the tempera- 
ure of the calorimeter near 25.00° C, and the final temperature was 
nade to be slightly below that of the jacket. In the fore period of 
() minutes, readings of the calorimeter temperature were taken every 
minutes. During the second preceding the end of the 20th minute, 
he switches on the automatic switching device were set so that the 
wrent would be changed from the external stabilizing or “‘spill’”’ coil 
9 the calorimeter heater when the time signal at 20:00 minutes 
licked. At 20:02 the timing device switches were changed from the 
temporary” to the ‘‘ permanent”’ setting, with no interruption to the 
ow of current. During the heating period of 5 minutes, readings 
rere taken every minute of the resistance of the platinum thermometer 
n the calorimeter, the “‘voltage,” and the ‘‘current.”” At 24:58, 2 
conds before the end of the 5-minute heating period, the switches 
{ the timing device were changed from their “permanent” to their 
temporary’ setting, and at 25:00 the current was automatically 
hanged from the calorimeter heater to the external stabilizing coil.® 
Readings of the resistance of the platinum thermometer were then 
aken every minute until 36:00 minutes, when the calorimeter again 
eached a steady state, denoting the end of the “reaction” period. 
During the ‘‘after’’ period from 36:00 to 56:00 minutes, readings of 
he resistance of the platinum thermometer were taken every two 
ninutes. After the end of the “‘after’’ period, the platinum thermom- 
ter was transferred from the calorimeter can to the jacket, and its 
sistance at the temperature of the jacket was measured. 

The calculation of AR,, the corrected increase in temperature of the 
lorimeter system, expressed as the increase in resistance in ohms 
{ the given platinum resistance thermometer at a mean temperature 
{ 26.50° C, as measured with the given resistance bridge, has been 
reviously described [4]. ‘The amount of electrical energy divided by 
le value of AR, for the same experiment yields a value of E,, the 
lectrical energy equivalent of the calorimeter for the standard 
pnditions. 

'The “temporary” settings are those in which the current flows through the automatic switch, and the 


— settings are those in which the current flows through switches which bypass the automatic 
mien. 
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2. DETERMINATION OF THE IGNITION ENERGY 


The energy added to the calorimeter by the heating and buni 
of the fuse wire was determined as peciiany described [4]. 1 
standard process of ignition produced an increase of 0.000411 oh 
in the “temperature” of the standard calorimeter system. The fy 
was a 5-cm length of “Parr” wire, No. 36 AWG, the “standanj 
weight of which was 0.00760 g. An alternating current from 
24-volt supply was used for the ignition. 


3. COMBUSTION EXPERIMENTS 


The procedure followed in B psapionen a calorimetric combusti 
experiment is described in detail on pages 302 and 303 of reference {4 


4. CORRECTION FOR THE FORMATION OF NITRIC ACID 


The value of Ar,, which is the rise in temperature of the calorimetg 
system produced by the heat evolved in the formation of a smal 
amount of nitric acid, according to the reaction 


SN: (g)-+5H,0 (liq) + 20.(g)=HN Os (aq) 


was calculated from the amount of nitric acid formed, using th 
value 57.8 int. kj/mole for the heat evolved in the formation of dilut 
aqueous nitric acid in the bomb process. The procedure previous! 
described [4] was followed. 


VII. RESULTS OF THE PRESENT INVESTIGATION 
1. EXPERIMENTS WITH ELECTRICAL ENERGY 


During the course of this extended investigation, three change 
were made in the calorimeter system, and there were actually fo 
slightly different calorimeter systems, A, B,, B;, and C, with B, ant 
B, being essentially identical in energy equivalent. The change 
consisted in replacing the bronze sleeve (having 10 setscrews, holding 
the head against the body of the bomb) with a stainless-steel sleev 
(having 16 setscrews), the loosely fitting calorimeter heater with o1 
tightly fitting on the bomb body, and platinum resistance thermomete 
No. 285,380 with No. 373,730, as follows: 














System Sleeve Heater Thermometer . 
ar 
Mid eke ati Se } te eee ree mES Loosely fitting - - ---- No. 285,380 in s 
Md ind wie Go Stainless steel___.___|____- ORE ae me aaa Do. 
SRE ESS FE his h dain atbiniense Tightly fitting- ----_- Do. 
+ lel Saleh Birks. NE abet: WDE na G6 os AEs wna Od. eekkeate No. 373,730 














The results of the experiments with electrical energy on system 
A, B,, Bz, and C are given in table 1. The symbols given in the table 
are defined in the previous reports [4, 8, 10]. 
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TaBLE 1.—Experiments with electrical energy on calorimeter systems 


Series 


A. SYSTEM A (WITH LOOSELY FITTING HEATER) 





Ey 





Electrical 
energy 


Standard 
deviation 
of the 
mean 























Int. j 
® 39084. 51 
to 


40587. 47 
® 37997. 18 
to 

40196. 33 
* 40093. 38 


Int. jjohm 
137634. 2 


137625. 8 


137620. 9 


nt. jjohm 
+5.0 
+2.4 


+2. 6 





Weighted mean 





b 137624. 7 








By. SYSTEM B 


1 (WITH LOOSELY FITTING HEATER) 





0. 001927 
to 
- 001955 


0. 001729 
to 
- 001923 


0. 000131 
to 
- 000154 


0. 285673 
to 
- 204785 


® 39443. 91 
to 
40703. 17 


b 138044. 7 








Bs, SYSTEM B: 


(WITH TIGHTLY FITTING HEATER) 











0. 001932 
to 


- 001945 

. 001940 
to 

- 001946 

- 001943 
to 

- 001949 

- 001960 





0. 006607 
to 


- 006690 
- 002012 
to 
. 002206 
- 006471 


to 
- 006577 








0. 287110 
to 

- 289724 

. 289845 
to 

- 297640 

- 289570 
to 


- 290003 
- 293368 
to 





4 39606. 34 


to 
39970. 73 
4 39981. 78 


to 
41058. 92 
4 39938. 17 
to 


40127. 50 
4 40478. 37 


to 
41978. 61 


137998. 7 
137994. 1 
137987. 1 


137987. 8 





Weighted mean 


137993. 3 








C. SYSTEM C (WITH TIGHTLY FITTING HEATER) 





7 | 0.001950 
to 


- 001959 





0. 001928 
to 
- 002042 





0. 000280 
to 
- 000364 





0. 259366 
to 
- 205728 





® 35721. 60 
to 
40736. 74 





137717.4 





* The time of input of electrical power was 300.00 seconds, with a current of 0.97 ampere. 
> This value is used only for obtaining the ratio of the energy equivalents of systems A and B;. 
* The rate of stirring of the calorimeter was 285 rpm in series I, 400 rpm in series II and III, and 350 rpm in 


series IV, 


4 In series I and III, the time of input of electrical power was 1200.00 seconds, with a current of 0.48 amperes; 
in series II and IV, the time was 300.00 seconds, with a current of 0.97 ampere. 
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The data given in table 1A and 1B, yield a precise value for the rij 
of the energy equivalents of calorimeter systems A and B;. Howey 
it was subsequently found, by using lower power and longer tin, 
(20 minutes) of heating (see below), that the values of the ep 
equivalent determined for systems A and B, (with the loosely fittj 
heater) with high power and short time (5 minutes) of heating were, i; 
an absolute sense, too large by several parts in 10,000. It appeay MMA nur 
that the combination of a high rate of input of electrical energy and, Mipalori 
loosely fitting heater of low heat capacity produces conditions in thy Mequi¥! 
electrical-energy experiments which are calorimetrically appreciably MMimits 
different from those which exist in the calorimetric combustion, MiMhenz0 
experiments, in which the heat is evolved entirely within the bom), HiMexcell 
Improvement in this respect can be obtained by using a higher rate of HN17]. 
— (too high a rate is undesirable because the stirring ene pf 201 
would become too important), by using a lower rate of input of elec. Hithe en 
trical energy (too low a rate is undesirable because it makes the time Mimencrz\ 
temperature relations too different in the electrical-energy exper. MiMfor L, 
ments and the calorimetric combustion experiments), and by using 
heater which fits tightly on the bomb body (which would permit , 
large part of the electrical energy to be taken up first by the bom) 
body, simulating a little more closely the conditions in the calor. 
metric combustion experiments). Accordingly, system B, wa 
changed to system B, ad replacing the loosely fitting heater with one 
fitting tightly on the bomb body. The systems B, and B, wer 
identical in every way except for a smaller mass (about 14.5 g less) of 














As 
exper’ 
(, the 


copper used in mans the tightly fitting heater. The equivalent of Th 
14.5 g of copper was added to system B,, makingthe energy equivalent @@lent 
of system B, exactly equal to that of system B,. porter 

he data in table 1B,, giving the results of four different series of HMleast 
experiments, provide an accurate value for the energy equivalent of Hi cent, 


allow 
ments 
perce 
energ 
taint} 


system B,, and thus also of system B,. The value, and standard 
deviation of the mean, for the energy equivalent of system B, (=8,)is 


E, (B,)=137,993.3+2.4 int. j/ohm. 


In series I and III (in table 1B,) the time of heating was 20 minutes, 
with a current of approximately 0.48 ampere; whereas in series Il 
and IV the time of heating was 5 minutes, with a current of approx- 
imately 0.97 ampere. With the absolute value of the energy equiv- 
alent of system B, established from the experiments reported in table Th 
1B,, and with that for system B, taken (after appropriate adjustment) | 
as equal to that of system B,, the energy equivalent of system A was 
calculated from the value for system B, and the ratio for systems 4 oe 
and B, as given by the values in table 1A and 1B,. The value, and = fr 
standard deviation of the mean, for the energy equivalent of system of th 


A becomes es 
E, (A)=137,573.544.3 int. j/ohm. et 


n-hep 
cane 


The data given in table 1C yield an accurate value for the energy 
equivalent of calorimeter system C (in terms of its new thermomete!) 
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bystem C, as previously reported, differed from system B, only in the 
hearmometer used. ‘The value, and standard deviation of the mean, 
or the energy equivalent of system C is 


E, (C)=137,717.440.8 int. j/ohm. 


4 number of experiments with benzoic acid {16] made on the three 
alorimeter systems yielded values for the ratios of their energy 
quivalent which were equal to the ratios below within their respective 
imits of uncertainty. Also, the value for the heat of combustion of 
benzoic acid under the standard conditions of the bomb process is in 
excellent agreement with the most recent value reported by Jessup 
17). The data of six experiments on system A, with a heating period 
of 20 minutes, yielded a value, and standard deviation of the mean, for 
he energy equivalent of system A of 137,572.9+0.9 int. j/ohm, which 
ap EF eh is essentially identical with the value given above 
or E, (A). 

As it was found desirable to present the data of the combustion 
experiments (see next section) in terms of the final calorimeter system, 
(, the following relations were used to make the conversion: 


E, (A)=0.998955E, (C) 
E, (B)=1.002003E, (C). 


The over-all uncertainty assigned to the value of the energy equiva- 
lent of calorimeter system C, in terms of which all the data are re- 
ported, was taken as twice the standard deviation of the mean of the 
least precise series of measurements (those of system A), +0.006 per- 
cent, together with an estimated uncertainty of +0.010 percent 
allowed for errors in calibration of the electrical measuring instru- 
ments, yielding, as the square root of the sum of the squares, +0.012 
percent as the over-all uncertainty for the experiments with electrical 
energy. The energy equivalent of system C, with its over-all uncer- 
tainty, was taken, therefore, as 


E, (C)=137,717.4416.5 int. j/ohm. 
2. COMBUSTION EXPERIMENTS 


The results of the combustion experiments on n-pentane, n-hexane, 
n-heptane, n-octane, n-nonane, n-decane, n-dodecane, and n-hexade- 
cane are given in table 2. The symbols at the heads of the columns 
are as previously defined [4, 8, 10]. For 7 in presenting and 
handling the data, all the values of the constant B are given in terms 
of the energy equivalent of system C, using the conversion factors 
given in the preceding section. 
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3. VALUES OF THE HEATS OF COMBUSTION 


In table 3 are presented the resulting values of the heats of cop, 
bustion of the eight normal paraffin hydrocarbons from the presen; 
investigation. There are given the value of the constant B for 28° ¢ 
in ohms per gram of carbon dioxide, as defined by eq 4 of referenc, 
[4}; —AUsgz, the heat evolved in the bomb process at 28° C, in inte. 
national kilojoules per mole of hydrocarbon; —AU;°, the decremey; 
in internal energy for the ideal reaction of combustion at 28° C, with 
all the reactants and products in their standard states; —AHc°, the 
decrement in heat content (or heat evolved in the combustion at 
constant pressure) for the reaction of combustion of the liquid hydro. 
carbon at 28° C, with all the reactants and products in their standard 
states; and, finally, the same quantity, —AHc°, for the reaction of 
combustion at 25° C. The foregoing values of —AU,° and —AHe° 
apply to the reaction 





CyHns2(liq) + "5" "01 (gas) =nCO; (gas) + (n+ 1)HL0 (lia). 























TABLE 3.— Values of the heats of combustion 
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As stated in section III, the over-all uncertainty assigned to ead 
final value of the heat of combustion of a given compound was takey 
as the square root of the sum of the squares of the following: (9) 
Twice the standard deviation of the mean of the series of combustio, 
experiments, (b) an uncertainty of 0.010 percent in the detern;. 
nation of the absolute value of the amount of reaction, (c) twice the 
standard deviation of the mean (or weighted mean) of the series of 
experiments with electrical energy, and (d) an uncertainty of 0,01) 
percent in the determination of the absolute value of the amount of 
electrical energy. 


VIII. DISCUSSION 


The values of the heats of combustion reported here will be dis. 
cussed in another report in connection with their relation to the 
existing data, the selection of “‘best”’ values for the heats of combus. 
tion, and the evaluation of the increment in energy per CH, group, 
for the normal paraffin hydrocarbons. 
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LIQUID-JUNCTION POTENTIALS, AND RELATIVE AC- 
TIVITY COEFFICIENTS OF CHLORIDE IONS, IN CONCEN- 
TRATED MIXED CHLORIDES AND NITRATES AT 25° C 


By George G. Manov, Nicholas J. DeLollis, and S. F. Acree 





ABSTRACT 


Measurements are reported of the electromotive forces at 25° C of pairs of 
calomel half-cells in which portions of the saturated potassium chloride had 
been replaced at constant ionic strength (4.831) by hydrochloric acid and potas- 
sium nitrate. The method of cells with liquid junctions was used. 

Data are given for the stability of half-cells prepared with these electrolytes, 
for the reproducibility of the liquid junction and the calculated value of its 


™ potential, and for the activity coefficient of the chloride ion in these mixtures 


relative to that of saturated potassium chloride solution. The addition of 
hydrochloric acid raises and the addition of potassium nitrate lowers the mean 
activity coefficient of chloride ion in potassium chloride solutions. Because the 
difference between the effective ionic mobilities for the cations and the anions in 
these solutions is smaller than in saturated potassium chloride alone, such cells 
are useful as reference electrodes in the reduction of the error caused by the 
neglect of the liquid-junction potential in the determination of pH by electro- 
metric methods. 
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I. INTRODUCTION 


Calomel reference half-cells in combination with hydrogen, glass, or 
other electrodes are very convenient and are widely used for the 
determination of pH values by electrometric methods. The ideal 
reference half-cell is one with a stable, reversible electrode (AgCl, 
Hg,Cl,), without hysteresis, with a low emf-temperature coefficient, 
and whose electrolyte is very concentrated and isoelectric, that is, 
of such composition that equal numbers of positive and negative 
charges diffuse into its junction with another fiquid whose pH is to 
be determined. The saturated (4.831 m) potassium chloride-calomel 
half-cell fulfills most of those requirements, but the chloride ion has 
a mobility slightly greater than that of the potassium ion and the 
liquid is approximately 1.1 my (0.02 pH unit) positive toward its 
sharp junction with an isoelectric solution. A source of error, there- 
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fore, arises from the potential at the liquid junction between th, 
two solutions surrounding the reference and hydrogen electrode 
respectively. This potential is a variable because of the differencs 
in the rates of diffusion of the ions which compose the various oly. 
tions forming the liquid junctions in pH measurements. This y). 
certainty of the liquid-junction potential may cause large errors jp 
extreme cases [1]' when the buffer solution used to calibrate the pH 
meter is replaced by a highly acid or alkaline solution whose ionic 
constituents and pH value are not known.? For work within 0,0) 
pH, therefore, it is desirable to know how to reduce the liquid-junctioy 
potential to less than 1 mv toward average and specific types of solu. 
tions. This can be done by changing the composition of the solution 
in the reference-electrode compartment. The error caused by the 
liquid-junction potential can be further diminished by the selection 
of a standardizing buffer, which approximates the pH and the con. 
position of the unknown solution. 

The existence of these potentials has long been known, and the 
problem of their reduction has been studied for more than 50 years! 
The equations developed by Planck [4] and by Henderson [5] con- 
stitute the most important theoretical advances in the field, and are 
regarded as being the two most practical methods for the calculation 
of the potential at the liquid junction. 

In 1931 Murray and Acree [6] proposed the use of potassium chlo- 
ride and nitrate in a molal ratio of 3:1 alone and the use of this mixture 
with dilute hydrochloric acid for the electrolyte in the calomel half- 
cell. For such a mixture, the effective anion and cation mobilities 
are very nearly equal. Consequently the contribution to the contact 
potential by this electrolyte should be lower than for saturated 
potassium chloride alone. 

The present investigation was made to obtain data on the stabil- 
ities and the differences in the potentials at 25° C of calomel half- 
cells in which potassium nitrate and hydrochloric acid replaced a part 
of the saturated potassium chloride in the electrolyte at constant 
ioni¢ strength, 4.831. Three mixtures of these electrolytes in calomel 
half-cells made stable reference electrodes and were better than 
potassium chloride alone in reducing liquid-junction potentials. A 
further purpose of this investigation was to determine the relative 
activity coefficients of chloride ion in these mixed electrolytes, and 
the variation of the liquid-junction potentials of these solutions for 
fixed and flowing junctions of the “pig-tail” type [3]. 


II. EXPERIMENTAL METHODS 
1, SOLUTIONS, EQUIPMENT, AND ELECTRODES 


The solutions were prepared from weighed quantities of conduc- 
tivity water and reagent-grade chemicals conforming te the specifica 
tions of the American Chemical Society. The densities of the solu-. 
tions were determined at 25° C by means of a Westphal balance and 
were used for converting the molal to the molar scales of concentra 
tion. The data are given in table 1. 


1 Figures in brackets indicate the literature references at the end of this pe r. ; 

2 Although pH values can be measured by means of cells without liquid 2 RS [2], a more detsiled 
knowledge of the composition of the solution is required than is usually available. 

3 A review of the literature up to 1932 has been given by Kline, Meacham, and Acree [3]. 
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BLE 1.—Composition and density of solutions used as electrolytes in cells with 
liquid junctions 








Solution KCl KNOs Total | Density 





Moles per thousand grams of water 





























The electromotive forces were measured ri! means of a precision 
type of potentiometer and a standard cell, both calibrated at this 
Bureau. All measurements were made in an air bath at 25°+0.1° C. 

The calomel half-cells (fig. 1) were Pyrex cylinders, A, approxi- 
mately 2 cm in diameter and 7 cm tall, with a glass partition, B, 
extending 2.5 cm upward from the bottom of the cylinder and divid- 
ing the latter into two separate compartments, or half-cells. Tungsten 
leads, O, were introduced through the bottom of each half-cell. Two 
such units were connected by means of a tube approximately 1 cm 
in diameter, A stopcock, D admitted the electrolyte to the cell. 
The hollow ground-glass stopper, Z, was weighted with mercury. 

The liquid-junction chamber, A in figure 2, was of the same general 
type used previously [3] but was separate from the half-cells and 
could be removed without disturbing them. The functions of stop- 
cocks H, J, and J in figures 2 and 3 are explained later. 

The mercury for use in the half-cells was washed repeatedly with 
10-percent nitric acid and then twice distilled. The calomel electrodes 
were prepared in accordance with the recommendations of Wingfield 
and Acree [7]. The emf of new and aged cells of the same type 
differed at first by approximately 0.2 mv, but after approximately 12 
hours this difference was reduced to 0.03 mv or less. 

No further change greater than +0.02 mv was observed over a 
test period of 26 days. The aging period did not vary significantly | 
for cells prepared with the different electrolytes listed in table 1. 

The assembled apparatus is shown in figure 3. A and B are the 
calomel half-cells, and bulbs C and D are the corresponding reser- 
voirs. Each was filled with one of the particular solutions under 
investigation; bulb E contained the less dense solution (generally 
the same as in D) to which had been added a small amount of an 
indicator (solid methyl orange) or a dye (alpha azurine G@) to render 
the liquid junction more easily visible. Because the denser solution 
was always introduced through the “pig-tail’’, two such liquid junction 
chambers, Z and L’ were provided to facilitate the emf measurements 
on different pairs of solutions in any sequence. 


ne 

‘Ina detailed{studyfof the preparation of calomel electrodes, Clarke, Myers, and Acree [8] found that 
an aging period of 2 days was necessary to attain an agreement of --0.03 mv between new and aged elec- 
todes. The shorter period of time observed in the present work may be attributed to technical advances 
‘nthe manufacture of intimate mixtures of mercurous chloride and mercury. A variation of +0.03 mv 
'n emf corresponds to +-0.0005 in pH. 
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The solutions were admitted to the calomel half-cells and then 
the liquid-junction chambers through stopcocks F, G, and H, and th 
enizapred air removed through stopcock J. Stopcock J was thy 
closed, and stopcock J opened. The relative quantities of the heavig 
and of the lighter solutions entering the ss chamber war 
governed by the positions of stopcocks F and G, respectively, and the 
— of the boundary in the liquid-junction chamber could ther. 
ore be varied at will. Sharp junctions were obtained even when th 
rates of flow were varied widely. The combined solutions were dis. 
carded through the tip K into a graduated cylinder, which was use 
to measure the rates of flow. 


2. ELECTROMOTIVE FORCES OF CELLS WITH LIQUID JUNCTIOnNs 


In table 2 are given the data obtained for the cell 


—Hg | Hg:Cl, | KCl(4.831 m)||KC1(3.623 m) + 


When current is withdrawn from this cell, the reactior® is 
Cl-(in KCl)||Cl- (im KCl+ KNO,) ;£,=+ 8.74 my, (2) 


where the symbol || indicates the presence of a liquid-junction poten- 
tial, and EZ, is the measured emf of the cell. The over-all electromo- 
tive force of any given cell combination was found to be independent 
to within +0.01 mv of the total and the relativerates of flow of the two 
electrolytes, the position of the liquid junction in the pig-tail chambe, 
the order in which the electrolytes were admitted, and of the indica 
tor or dye added. The emf of duplicate pairs of cells checked to with- 
in +0.03 mv. 


TABLE 2.—Observed electromotive force at 25° C of a typical cell 


[Electrolyte A: 4.831 moles of KCl 1,000 g of water. Electrolyte B: 3.623 moles of KCI and 1.208 moles 
of KNOs per 1,000 g of water] 











Rate of flow of electrolyte 
Electromotive Junction 
force of cell 





A+B 
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Rising. 


Steady. 

Falling rapidly. 
Rising rapidly. 
Fixed 


Rising rapidly. 
Falling rapidly. 
Steady. 
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® Measurements made with a smal] amount of dye added to solution B showed the same degree 0! 
constancy. 


5 In tables 2, 3, and 5 the sign of the total emf or of the liquid-junction potential is that of the electrode 
in the second solution, designated as A, B, etc., in table 1. The liquid-junetion potential of the cell de 
scribed in eq 2, for example, is;—0.22 mv. 
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In table 3 a summary is given of the measured emf of each of the 
ix possible cells that can be formed by the combination in pairs of 
he half-cells containing electrolytes A to D, inclusive. The state- 
ments made regarding the constancy of the emf, etc. of the cell 
jescribed in eq 1 apply equally well to each of the additional measure- 
ments listed in this table. 


TaBLE 3.—Summary of electromotive force measurements at 25° C 








Solutions Electrolytes seen *~ wht 





z 


versus KC]+KNO; 
versus KC]+-KN0O;+HCl 
KCI+HCl 


1 Sgogo 
avees2 





I] 
ICH HH Ht 
SSSBs8 


Pe: 








III. CALCULATION OF THE LIQUID-JUNCTION POTENTIAL 


The potential Z, at the junction of two different solutions, I and 
II, is given by the equation 


II 
Ey=—(RT/P)S{"" (a/z4) (d In ay) (3) 


where t,, 2x, and A, are, respectively, the transference number, valence, 
and activity of a particular ion k, and R, T, and F are recognized 
constants. The integrations are made separately for each of the ions 
of which the boundary is composed. With the aid of certain simpli- 
fying assumptions, Planck [4] and Henderson [5] have integrated this 
equation for the “constrained diffusion” and the ‘‘continuous mixture” 
types of boundaries. The former type does not apply to the experi- 
mental work reported here and has not been considered further. 
For the case in which the ions are all univalent, the integration of 
eq 3 by Henderson reduces to 


_RT (U;—Vi)—(U,—Vs) Crt Vi (4) 
F (U,+-Vi)—(O2+ V2) ~ U2+ V2 





E; 
where 
U,=Ct'Ut', Vi=OC;z'U;z', Us= Ct" Ut", and V;=C;"U;”. 
The single and double primes in the superscripts refer to the ions 
in the two solutions which form the boundary. ©, and U; are, re- 
spectively, the concentration in moles per liter and the mobility of the 
ink. The positive and negative signs refer to the charges on the ions. 
The Henderson integration (eq 4) involves three assumptions: 
the mobility of an ion (a) does not change with concentration and (b) 
is not affected by the presence of other ions, and (c) the electrolytes 
are completely dissociated and the activity coefficient of each ion 
is unity in mixtures of ions at all concentrations. Each of these 
assumptions is questionable. 
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Measurements of the changes of ionic mobilities and of transfereng 
numbers with concentration fie been made for simple solutions sy¢} 
as ote cna chloride, but the corresponding data for mixtures of ele. 
trolytes are meager. None are available for the mixtures studied her 
Longsworth [9] measured at 25° C the mobilities of the ions in mixturg 
of hydrochloric acid and potassium chloride in which the total molality 
was 0.1. The equivalent conductance of the chloride ion, for exampl 
was found to vary linearly between the limits 65.98 and 65.79, te. 
spectively, with the mole fraction in mixtures of 0.1-m hydrochloric 
acid and 0.1-m potassium chloride. It is wholly speculative to assum 
that this linear relationship is valid for concentrations as high as 4,83 
m, and until the data become available there is no choice other than to 
use the first two assumptions employed by Henderson. Additional 
conductance and transference measurements for mixtures of ions are 
needed. 

The assumption regarding the activity coefficient is amenable to 
correction, but for the solutions studied here the entire effect is negli. 
gible. With the customary definition 


a,.=M fi, (5) 


where f; is the activity coefficient of the ion k, eq 3 may be integrated 
to give 


It t } 
E,;= Epenaerson +, PAC in St t) = Eencerson + E;. (6) 


The activity coefficient, f,, can be expressed by the modified Debye 
Hiickel equation 


LL Agi 
log f= Ft Dut Ey’. (7) 


The values of D and £ can be obtained empirically or can be estimated 
from the co-volume effect [10]. In theory, the integral in eq 6 could 
be evaluated by use of eq 7 and the dependence of & upon C, but in 
practice it is found that the new integrals thus obtained are so complex 
that the effort is not warranted. 

The graphical integration can be performed quite readily in the 
manner suggested by Harned [11]. The details of the procedure for 
the calculation of the integral in eq 6 for each ion in the junction 


KC1(4.831 m)||HC1(0.05 m)+-KCl(4.781 m) (8) 


are as follows. First the transference numbers of Ht, K*, and Cl 
are computed from the ionic mobilities 7 and the concentrations for 
mixtures of x parts of hydrochloric acid and potassium chloride (solu- 
tion D) and (1—z) parts of potassium chloride (solution A), Then 
values of log f must be computed for each ion. Hawkins [15] has 
measured at 25° C the emf of the cell 


—H,|HCl m,, KCI m|AgCljAgt, (9) 


* The method has been applied to electrometric titrations by Hamer and Acree [12] and to halide cells in 
general by Hamer [13]. 

7 The values of the mobilities at infinite dilution taken from the compilation of MacInnes [14] are for 
hydrogen, potassium, chloride, and nitrate ions, respectively, 349.82, 73,52, 76.34, and 71.44. 
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in which m;-+m, was kept constant in any one series of experiments 
over the ian 0.1 to 6.0 in ionic strength. The results have been 
put into alge raic form by Harned [16]: 


log fi=aym,+log f;=log f; (0) 1M, (10) 


nd 
, log fa=ayms+log f2=log foe) — ama, (11) 


where the subscripts 1 and 2 refer to the acid and to the salt in the 
same mixture; f;@) and f2@) are the activity coefficients of pure hydro- 
chloric acid and potassium chloride solutions; f; and f; are the activity 
coeficients of ne omangpy «A small quantities of hydrochloric acid in 
solutions of potassium chloride and of potassium chloride in solutions 
of hydrochloric acid; and a and a are constants. For values of 
m,+m,=4.831, and at a temperature of 25° C, log {;=0.3485, log 
fi=—0.2273, a,=0.0710, and a=—0.032. Values of log fac: and 
‘og fxc: at an ionic strength of 4.831 were then obtained for these 
mixtures which are predominantly KCl. 

Two procedures are commonly used to estimate individual activity 
coefficients in mixtures of electrolytes. In the first of these, that of 
MacInnes [17], it was assumed that for pure solutions of potassium 
chloride, fe=fxci=fo1, where fxc: is the mean activity coefficient of 
this salt, and that these individual activity coefficients are not altered 
as a result of partial substitution by other ions at constant ionic 
strength. From the definition of the mean activity coefficient it 
follows that for these mixtures f= (fac) / ‘fc:. This may be designated 
as procedure 1. The second procedure is that of Guggenheim [18], in 
which the activity coefficient of an ion is assumed equal to the mean 
activity coefficient of the electrolyte of which it is a part. For this 
case, fu=fac1 and Se=fxcr, but no information is made ‘available 
concerning the activity coefficient of chloride ion in these mixed 
chloride solutions. One may assume that fco:=fxo1, as before (pro- 
cedure 2a).° Another assumption would be that log fc; varies linearly 
with the mixing fraction x between the limits of the averages of log 
facitlog fxc: for these solutions. This is equivalent to the assump- 
tion that (in mixture) foi=[(fno1)(fxc1)]* (procedure 2b). Other 
postulates that might be made of the relations between the activity 
coefficients of the ions would lead to other sets of values for fa, fx, 
Bf, and Ey. The values of log fu, log fx, and log fo, respectively, 
which are needed for the graphical integration of (RT/F) (t,/z:)(d In f;) 
in eq 6 by procedures 1, 2a, and 2b, are identical with those given in 
‘columns 7, 6, and 5; 5, 6, and 6; and 5, 6, and 8 of table 4 and are 
represented graphically in figure 4. The integrations yield, respec- 
tively, —0.004, —0.002, and —0.002 mv for hydrogen ion, —0.043 mv 
(identical for all three methods) for potassium ion, and —0.045, 
—0.045, and —0.075 mv for chloride ion. 
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Figure 4.—Evaluation of ft, d log f; at 25°C for the ions of mixtures of potassium 
chloride and hydrochloric acid. 





























Areas A and B rer: to procedures 1 and 2a, and 2b, respectively, for the hydrogen ion; C, for the 


potassium ion by all three procedures; D and E, for the chloride ion by procedures 1 and 2a, and 2, 


respectively. 


TABLE 4.—Values of the quantities required for the computation of J} ty (d log fi) 
at 25° C for mixtures of potassium chloride and hydrochloric acid-potassium 


chloride solutions 
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Values at 25° C of the integral in eq 6 for hydrogen, potassium, and 
boride ions are totalled according to the equation 


HY "am 
--2308% | [tnd log fa)+ {° te(d log fx) — f tex(dlog for [12) 


nd yield +0.002, +0.000, and +0.030 mv, respectively, by the 
hree procedures for the value of E, for the junction depicted in eq 8. 
here is no @ priori reason for the preferential selection of any one 
f these procedures because of the assumptions common to all. The 
verage correction H,=+0.011 mv is within the experimental repro- 
ucibility of the emf of the cells. The above is proof of the state- 
ent made earlier in this paper that the inclusion of the terms in- 
rolving the activity coefficients is a negligible correction to the simple 
Henderson equation for the solutions studied here. The consistent 
ise of concentrations expressed in moles per kilogram of water instead 
{moles per liter of solution makes no difference in these conclusions, 
s values of LH, computed by these two procedures are identical within 
01 mv. For those cases in which the numerator or the denominator 
becomes zero and eq 4 is indeterminate, the reduced form [18] 


" Ey= (RT/F)(U,—V) — (Ur— V2) / (Ci + V2) (13) 


hould be used. The liquid-junction potentials have therefore been 
alculated by means of eqs 4 and 13 and are given in column 3 of 
able 5. 


Taste 5.—Values of the liquid-junction potential (E;) at 25° C calculated by the 
Henderson equation, and ratios of the activity coefficients of chloride ion in mized 
chlorides 
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Calculations of the liquid-junction potentials of solutions A, B, C, 
d D against a hypothetical isoelectric solution of ionic strength 
831 composed of univalent ions having mobilities equal to the 
verage of those of the potassium and chloride ions yield —1.11, 
0.27, +0.19, and +0.02 mv, respectively, for E;. It is interesting 
0 note that solution D is very nearly isoelectric, and that solutions 
},C, and D are all better than pure saturated potassium chloride for 
he reference electrolyte. Because of the assumptions made in the 
ise of the Henderson equation, it is questionable whether the values 
ven for Z; in table 5 can be improved until an opportunity is had 
0 vestigate thoroughly the more rigorous procedure suggested by 
luray and Acree [6]. The method involves using two buffer so- 
611014—44_-4 
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lutions of known pH and chloride concentrations and measur 
the four possible emf between the hydrogen and the silver-silver-chj 
ride or calomel electrodes which are immersed in each of the two sj 
tions forming the liquid junction. A contact-potential eliminato;; 
then interposed between the two buffer solutions and emf & 
again obtained. Both the electrode and liquid-junction potenti 
can be thus computed. 


IV. RELATIVE ACTIVITY COEFFICIENTS OF CHLOR}p 
ION IN MIXED ELECTROLYTES 


The over-all emf of a cell involving a liquid junction is the sum; 
three separate contributions: the emf generated at the two electrods 
and that at the liquid junction. For a cell such as depicted in «| 
the total electromotive force, Z,, is given by the equation 


where Go; is the activity of the chloride ion and the subscripts J a 
II refer, respectively, to the solutions on the left and the right-han 
members of eq 1. Combination of eq 5 and 14 yields 


Jo, E,—E,; Mer, 
loz —( k )-loe Moryy 


where k=2.303 RT/F and is equal to 0.05914 at 25° C. ' 
quantities to the right of the equality sign in eq 15 are known, an 


hence the ratio of the activity coefficients of chloride ion in the ty 
solutions can be obtained from the experimental data. The resil 
are presented in table 5. 

The activity coefficients of potassium chloride at 25° C have be 
measured by Robinson [19] and by Scatchard, Hamer, and Wood {2 
The results have been summarized by Robinson and Harned [21] a 
yield fxc:=0.592+0.002 for the saturated solution. With this vali 
as a basis, the activity coefficients of chloride in the mixtures may) 
calculated from the experimental values of fo1,/ fei,;. 

Emf measurements of the three cells AB, AC, and AD represa 
the direct comparison of saturated potassium chloride solution A wi 
the mixtures. The use of fxci=fc1,=0.592 for solution A yie 
values of fei,, Seip, and fc:1,. For the sake of brevity, these symbd 


have been shortened to f,, fs, fc, and fy, respectively. Intercombil 
tions are thus possible; the quantity /,, for example, may be combine 
with the ratios f,/f, and with f,/f», obtained from emf measuremetl 
on cells BC and BD, to calculate additional values of f, and f,._ Th 
process is repeated for all the nonrecurrent combinations of the 4 
ratios of fo1,/for,, given in table 5. The notation CD, C for the li 
entry in table 6, for example, indicates that the ratio of the activit 
coefficients of the solutions in cell CD was combined with the vil 
of f, obtained from cell AC. The activity coefficients relative 

saturated potassium chloride thus obtained are listed in table 6. 
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\aLE 6.—Activity coefficient at 25° C of chloride ion in mixtures of concentrated 
electrolytes containing chloride 


[Basis: fxc1:=0.592] 





| 


KC]1+KNOs; | KCl+KNOs+HCl KCI+HCl 





0. 5590 (AC, A) 0. 5950 (A.D, A) 
. 5595 (BC, B) . 5932 (BD, B) 
- 5601 (CD, D) . 5938 (CD, C) 


0. 5595 0. 5940 
+0. 0003 +0. 0007 














The averages of the values of the activity coefficients of the chloride 
nin solutions B, C, and D are, respectively, 0.5573 +0.0009, 0.5595 
0.0003, and 0.5940+0.0007.8 The deviations from the averages 
pint to an internal consistency of +0.0007 in the measurement o fi 
hd when combined with an uncertainty of +0.002 in fgo: yield 
0.003 for the probable errors in the values of fs, fe, and fp compared 
ith saturated potassium chloride. 

It is important to note that the addition of potassium nitrate to 
ptassium chloride lowers the relative activity coefficient of the 
boride ion (cell AB), whereas the opposite effect is observed when 
drochloric acid is added to potassium chloride (cell AD) or to 
ptassium chloride containing potassium nitrate (cell AC). These 
bservations are in qualitative agreement with the magnitude of the 
ean activity coefficients at 25° C for separate 4.831-m solutions of 
ptassium chloride, 0.592 +0.002, [21]; potassium nitrate, 0.196 
0.003, [22] *; and of hydrochloric acid, 2.231 +0.001, [23]. 

According to Brénsted [24], if two solutions with the same valence 
pe and ionic strength are mixed in the proportions of z to 1—z, 
be logarithm of the mean activity coefficient of an electrolyte in the 
ixture is a linear function of z."° In the present work, however, the 
nic strength is too high for the successful application of this prin- 
le. Treating these cases as an extension of Brénsted’s rule would 
ed fg=0.439, fe-=0.457 and fp=0.600. The deviations from the 
llues given in table 6 are considerably greater than the probable 
perimental errors in the measurements. 

The equation 


0g fms 050590" 
BJe~ 7 +0.3287a,018 


#s been proposed by Van Rysselberghe and Eisenberg [10] for rep- 





+2.2062 X 10-%a3C-+2.6269X10-°a fC, (16) 


Uncertainties of +0.05 percent in concentration and of +0.02 mv in emf correspond, respectively, to 
0005 and +-0.0003 in f. An uncertainty of +0.02 percent in the ea 1 Phege conductance of the ions at 
inite dilution alters the calculated value of the potential at the liquid junction by only +0.002mv. Be- 
ise of the assumptions made in the integration of eq 3, especially that regarding the transference numbers 
high concentrations, the uncertainties in the absolute values of the liquid junction potentials are un- 
own. The internal consistency obtained for the values of fs, fc, and fp would indicate, however, that 
se uncertainties are either small or largely compensated internally by the ws ierewey’ A of eq 4. 

The solubility of potassium nitrate in water at 25° C is given in the International Critical Tables as 3.74 
L The value of the activity coefficient at a hypothetical molality of 4.831 was determined by extrapolation. 

Glintelberg [25] proved this to be true for solutions 0.1 in ionic strength. 
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resenting the mean activity coefficient on the molar scale, fo, of a yj, 
univalent electrolyte at 25° C in terms of a single parameter a, gn/ 
the concentration C in moles per liter of solution. Substitutions of th 
activity coefficients of individual solutions of potassium chloride {9j 
potassium nitrate [22], and of hydrochloric acid [23] of the concent, 
tion C corresponding to 4.831 m (on the weight basis) into eq 15 yielj 
respectively, 2.71, 0.91, and 3.79 A for a,."' 

The experimental values of log f given in table 6 correspond, respp 
tively, to 2.64, 267, and 2.72 A for a, for solutions B, C, and) 
The hydrochloric acid in solution D contributes only 1 percent to the 
ionic strength of the mixture, and the value of a, is therefore esse 
tially the same as for pure potassium chloride. These values for, 
lie between those for the constituents of which the mixtures are con 
posed, but they bear neither a linear nor a logarithmic relation to then 
The activity coefficients obtained by the assumption of either linear 
logarithmic relations are too low by 10 and 20 percent, respectively 
and correspond to differences of 0.3 and 0.6 mv in emf, which are mu¢ 
larger than the experimental error. 

Equations 10 and 11 on the other hand, yield faci= 1.0212 and fx 
0.5940 for a solution of composition D (in table 1). The latter; 
identical with the value of fc; obtained here for the same solution anf 
reported in table 6. It is of interest to note that the value of 0.5940; 
the same as obtained by procedure 2b, previously discussed, but many 
additional measurements on mixtures of hydrochloric acid and potes 
sium chloride are necessary before any conclusions can be drawn re 
garding the relative merits of the assumptions of MaclInnes and 
Guggenheim. 

The method of cells with liquid junctions as employed here is we 
adapted to measurements of the ratios of the mean activity coefficien 
of chloride ion in two solutions, especially if the concentrations ar 
high. The best conditions are those in which the liquid junctio: 
potentials are small or contribute only a small part to the total em 
The mixtures of electrolytes studied here, or modifications thereo 
may be found useful in reference electrodes for the determination 0 
pH by electrometric methods. 
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‘EI Calomel half-cells, showing cylinder A, glass partition B, tungsten leads 
C’, stopcock D, and weighted stopper, E. 
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Figure 2.— Details of the liquid junction, A, of the “ pig-tail”’ typ 


3 for a description of the functions of stopeocks //, J, and J 





irch of the National Bureau of Standards Research Paper 1608 


Liquid-junction and calomel cell asse mbly, showing half-ce lls A and B; 
C (for the heavier solution), D and E (for the lighter solution); stopcocks 
for controlling the rates of flow of the electrolytes to the cells; stopcock H 


tting the lighter solution to the liquid-junction chambers (L or L’'), I for 
f entrapped air, and J for discarding the mired solutions through tip K. 
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ONIZATION CONSTANT OF BORIC ACID AND THE pH OF 
CERTAIN BORAX-CHLORIDE BUFFER SOLUTIONS FROM 
0° TO 60° C 

By George G. Manov, Nicholas J. DeLollis, and S. F. Acree 


ABSTRACT 


The ionization constant of boric acid was determined by the use of the elec- 
omotive force of cells without liquid junctions. Hydrogen and silver—silver- 
oride electrodes were immersed in borax-sodium chloride solutions. To reduce 
be possibility of formation of polyborates, dilute solutions were used. The emf 
ere measured at 5-degree intervals over the temperature range 0° to 60° C. 

The negative common logarithm of the ionization constant (pK) of boric 
id over the temperature range 0° to 60° C may be represented by the equation 


pK =2237.94/T'+ 0.016883 T— 3.305, 


here 7’ is the absolute temperature. 

The data indicate that the mean activity coefficients of the ions of sodium 
oride and of sodium borate do not differ appreciably. The pH values for the 
utions studied and for rounded values of the concentration are tabulated as 
ctions of temperature and ionic strength. These solutions, which range 
pH values from 8.934 to 9,465, can be used as standards in the calibration of 

ass-calomel and other electrometric pH equipment. 

A discussion is given of the significance of the quantity a; (commonly called the 

listance of closest approach” of the ions) and its importance in the calculation of 
values, especially when the buffer ion is not univalent. 

The changes in free energy, heat content, entropy, and heat capacity that 
company the ionization of 1 mole of boric acid are listed. 
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I. INTRODUCTION 


The proper adjustment of the degree of acidity or alkalinity hy 
long been known to be important in the manufacture of many |}, 
oratory and commercial products. The control of pH ' is nov y 
requirement in certain medicinal preparations and in many Fedey 
specifications. 

The data reported here form a part of the program for the esta} 
lishment of pH standards by the National Bureau of Standan 
Provisional values for certain buffer solutions have already beg 
published [1].? 

Very few materials are suitable for use in the standardization of tl 
pH scale in the alkaline range. Borax, Na2ByO7.10H20, has be 
frequently used for this purpose, and the pH of solutions of thig 
material, which is approximately 9.2 at 25° C, has been made to cove 
ne ra from 8 to 10.5 by the addition of known quantities of acif 
or base. 

The dissociation of tetraborate ion in water to yield simpler io 
is well established [2, 3], and measurements of the Raman specty 
[3] indicate that the reaction 


is complete. For the purpose of the investigation reported here, iti 
not important whether the free acid is orthoboric (H3BOs3) or metabong 
(HBO,), as the concentration of the water in the solutions is no 
appreciably different. There appears to be some evidence [2] of th 
formation of tetraboric acid in concentrated solutions, particulary 
those in which the ratio of free boric acid to borate ion is greater tha 


unity. This view, however, is not upheld by interpretation of th 
Raman data [3] that have been obtained for various mixtures of bor 
with hydrochloric acid and for borax with sodium hydroxide in 4 
proximately 0.2-m solutions. These data indicate that the formatios 
of polyboric acids is probably less than 0.5 percent and that th 
equations 


H;BO,+OH =BO, +2H,0, 
and 
H;BO, — Ht + BO, + H,O 


represent the actual course of the reaction [4]. Additional data an 
needed before accurate pH values can be calculated for solutio 
which are more acid than those corresponding to equimolal ratios 
boric acid and borate ion. A careful study of the freezing points? 
such acid solutions would help to clarify the picture. 

In order to diminish as much as possible the effects of polyborit 
formation, the experimental measurements reported here were il 
fined to equimolal ratios of boric acid and sodium borate, added! 


i The term pHis defined as the negative common logarithm of the product of the concentration 
mpl " in ue per thousand grams of ;water and the activity coefficient. Mathematt 
pii=—10g10 (HJ HA). 

4 Figures in brackets indicate the literature references at the end of this paper. 
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orax. Likewise, the solutions used were as dilute as practicable, 
he maximum ionic strength * being 0.53. 


I, DETERMINATION OF IONIZATION CONSTANTS BY USE 
OF CELLS WITHOUT LIQUID JUNCTIONS 


In the determination of the ionization constant by the use of cells 
ithout liquid junctions, hydrogen and silver-silver-chloride elec- 
odes are immersed in the buffer solution containing a known con- 
entration of an alkali chloride. At any given temperature, the 
single electrode potential” * at the silver—silver-chloride electrode is 
function of the known molality of the chloride ion multiplied by 
e activity coefficient, and the corresponding potential at the 
ydrogen electrode, at 1-atmosphere pressure of hydrogen, is a 
mnction of the activity of the hydrogen ion. Essentially, the total 
lectromotive force of such a galvanic cell depends upon the activity 
f the chloride ion and the pH of the solution under investigation. 
s the molality of the chloride ion is known and its activity coefficient 
ay be calculated as shown later, the pH values of the solutions are 
hus obtained. 

The galvanic cell may be represented as follows: 


H(z, 1 atm)|H;BO,(m;), NaBO,(m,), NaCl(m;)|AgCl(s)|Ag(s). (4) 


he symbols have their usual significance. The vertical lines indicate 
he separation of phases, and the commas set off the different compo- 
ents within the same phase. 

When current is drawn from this cell, the reaction is 


1/2H,(g, 1 atm)+AgCl(s)=Ag(s)+Ht+Cl-. (5) 


The electromotive force, the activity coefficients, and the con- 
eitrations are related by means of the equation 


E= na In (@y@c)) = E°—2,30250" gr log (€@umeifeo1), (6) 


h which F is the measured emf, E° the potential of the silver—silver- 
hloride electrode against the normal hydrogen electrode in a solution 
{ hydrochloric acid at unit activity, and R, 7, and F are the gas 
onstant, -~ absolute temperature, and the value of the Faraday, 
spectively. 

The activity of the hydrogen ion is governed principally by the 
mization constant of the buffer acid. The equilibrium constant of 
ereaction expressed in eq 3 is given by 


p GyAp02 _ AyMpo,S, BO2, 
3803 MH3B03 


(7) 


heq 7 the assumption is made that the activity of the unionized 
one acid is equal to the molality. 


tthe ionic strength is defined as u=1/2 2mz?, where m is the molality and z is the charge of each ion, 
The term is used here merely for convenience, 





290 Journal of Research of the National Bureau of Standards 


The hydrolysis of the borate ion causes a small change in ih 
stoichiometric ratio ™y,n0,/Mpo, by increasing simultaneously th 
quantity of boric acid and decreasing that of the borate ion. Ty 
equations 


My3B03— 1 +Mon 


and 
Mpog= M2 —Mon, 


in which m and mg, are the stoichiometric molalities of boric a¢ij 
and of sodium borate, represent the equilibrium concentrations ¢ 
these two substances in solution. The extent of the hydrolyss 
varies with the dilution and the temperature. From the values {y 
the ionization constants of boric acid (K) and of water (Kw) and thy 
molality of sodium borate (added as borax), it may be shown thaj 
eq 10, 

Mx3B03/Mpog= 1 +2Ky/(m, +2mon)K, (10) 
is applicable at any temperature. Tabular values of these corres 
tions (table 1) may be interpolated for other temperatures and con 


centrations. The effect of the activity coefficients is negligible i 
these corrections. 


TaBLE 1.—Values for log (mu,8o;/mBo,)=log (1+2Kw/(m+2mon)K, | 








Concentration of borax in moles per 1,000 g water 





Temperature 
0.005 0.010 0.015 




















Equations 6 and 7 may be combined to eliminate ag and viel 
pK=(E— E°)/k+log (My,803/Mno.) +log Mei +log (for! fo); (il 
where pK equals —log K, and k is written for 2.30259R7/F. 

The values of the quantities in the right-hand member of eq |! a" 
known except for the term log (fo1/fso,). By transposition of th 
latter, the quantity pK—log (fc:/fs0.)=pK’, the apparent ionizatid 
constant, is obtained directly from the experimental data. Extn 
polation of the data to zero concentration, at which all activi 
coefficients are unity, gives the values of pK for each temperatutt 
The values of pK—pK’ give the magnitude of log (fo:/fg0,) but ™ 
the activity coefficients of the individual ions. 
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| th The activity coefficient of an ion may be represented by any one 
"tht several equations, all of which involve certain concepts regarding 
Ththe electrical field surrounding the ion, the dielectric constant of the 
nedium, and other factors. The original Debye-Hiickel expression [5], 


log fi= —Az*y%, (12) 


mvolves the assumption that the ions behave as point charges. Later, 
Hiickel [6] modified this equation on the supposition that there is a 
distance of closest approach”, a,, of ions of opposite charges, and the 
mithermodynamic equation 









_ —Azy4 
log I= 7 Bg, yt Bo» (13) 


as thus obtained. In more concentrated solutions or when approx- 
nate values of a, are used [7], the inclusion of the second adjustable 
rarameter B allows eq 13 to represent the experimental data more 
losely than does eq 12. 
@® The complete expression for the ionization constant of boric acid 
(I) obtained by combining eq 11 and 13: 
yrTe pK—B*u= (E— E°)/k-+-log (mz,no,/Mso,) +log mcai=pK’, (14) 
comfi/™bere pA and pK’ are the negative common logarithms of the true 
le ilffnd the apparent ionization constants. If all the assumptions made 
n the derivation of eq 14 are correct, a plot of the three terms to the 
ight of the first equality sign in this equation against ionic strength 
‘] ‘hould yield a straight line, the slope of which is —8*. The value of 
he intercept at zero ionic strength gives pK. The use of eq 6 for 
omputing the pH values and the method of calculating log fc; for 
his case are discussed later. 


0.025 


r III. EXPERIMENTAL TECHNIC 















I. MATERIALS 


All the chemicals used met the American Chemical Society specifi- 
ations for reagent-grade materials. Borax (decahydrated sodium 
etraborate) > was recrystallized twice ® from conductivity water in 
urge Pyrex flask and the contents protected from atmospheric carbon 
oxide by means of tubes containing Ascarite. The crystals on the 
bichner funnel were washed once with ice cold conductivity water, 
wice With ethyl alcohol, and finally twice with ether. The material 
as then air-dried and bottled. The entire cycle of the washing and 
ying Operations was completed in less than one-half hour after the 
rystals were first collected. The alcohol and the ether were freshly 
tilled from quicklime, in order to remove possible traces of acids 
id nonvolatile products, and were used the same day. This pro- 
edure for the preparation of borax containing exactly 10 molecules 
{ water is recommended by Hurley {8}. 

The water content of several portions of the recrystallized material 
jas determined by fusion of 12-g samples at 900° C to constant weight. 
average value of 47.20+0.03 percent was found as compared with 


we impurities listed by the manufacturer for this lot totalled 0.003 percent. 
*H¢ recrystallizations were made below 61° C to avoid formation of the pentahydrate. 
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the theoretical value of 47.24 percent. 

tion, analysis showed 47.27+0.02 percent of water and 0.004 percep, 
of carbon dioxide.’ The alcohol-ether method is satisfactory for tly 
preparation of this material. In addition, it is more convenient tha 
drying moist borax over saturated sodium bromide [9] or saturate 
sodium chloride and sucrose solutions [10]. 

The fused borax was prepared in the manner described aboy 
except that the washing with alcohol and ether and the air-drying 
were omitted. The crystals were warmed as quickly as possible ty 
drive off the free water, and the temperature was then raised aboy 
the fusion point of the anhydrous borax. The results in tables 2,3 
and 4, show that both the hydrated and the fused material yield th 
same value for the ionization constant of boric acid to within a 
average of 0.0005 unit in pK. 

Sodium chloride containing less than 0.01 percent of bromide wa 
:urther purified by bubbling air through a concentrated, boiling solu 
tion of the salt, to which a slight excess of free chlorine had been added 
The solution was made slightly acid (pH 5.5), and the bubbling was 
continued until a negative test for free halogen was obtained on4 
portion of the solution.’ Freshly distilled ethyl alcohol was the 
gradually added to the cooled solution until the concentration d 
alcohol was approximately 80 percent.? The precipitated sodium 
chloride was filtered by suction, air-dried overnight, heated to 450° 
for several hours, cooled, and bottled. 

The specific conductance " of the water used was 0.8 107 mh 
at 25° C. The water was stored in an atmosphere of hydrogen. 
Concentrated hydrochloric acid was diluted to correspond to the 
azeotropic mixture and redistilled in a Pyrex still. The middle thir 

of the distillate was retained. 

The hydrogen gas was freed from traces of oxygen by passage ove 
heated palladinized asbestos. 


2. SOLUTIONS 


Weighted quantities of conductivity water, sodium chloride, am 
either decahydrated or fused borax were used to prepare accurate} 
2 liters of stock solution for each series of cell measurements. Prope 
corrections were made for the water of hydration of the borax. | 
each case the ionic strength of the stock solution was approximate 
0.5. Hydrogen gas was used to force portions of this stock solutiol 
into a weight buret, from which known quantities were transferrel 
to each of the 10 dilution flasks, A in figure 1, and the proper amoul 
of conductivity water was added. These solutions were saturate 
with hydrogen gas and protected at all times from contact witht 
atmosphere. The weighings were corrected for the mass of hydrogel 
gas and water vapor in the space above the liquid in the diluto 
flask." The final solutions contained stoichiometrically equal rat 


7 The analysis for carbon dioxide was performed by the Detergents, Cements, and Miscellane0 
Materials Section of this Bureau. 

* From the value of the several oxidation potentials involved [11] it should be possible to reduce thet 
bromide content to 0.001 percent or less. 

* This fractional precipitation with alcohol has been applied by Hahn [12] for the removal of brome 
from potassium chloride. aye? 

10 The conductance measurements were performed by C. G. Malmberg, of the pH Standards Sectio2 

11 These corrections were of the order of 0.02 percent. 
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Mf boric acid to sodium borate (added together as borax) and approxi- 
nately the same ratio of borate to chloride. The concentration of 
ach component of these solutions was known to within +0.05 per- 
ent, The concentrations, reduced to a vacuum basis, were expressed 
n moles per 1,000 g of water. 

The effect of small quantities of carbon dioxide on the pH of these 
olutions can be calculated from the approximate ionization constant 
yf boric acid (Ky [2], and the first and second dissociation constants 
K, and K;;) of carbonic acid [13] and of water (Ky) [14], together 
vith the activity coefficients of the ions involved. 


he equation 
alfa +Mya= Ky /Qufon +m,({1 + Ay fpo./Ki]+ 
m1 + 2K, fuco;/@afcos)/[1 + K, faco;/@a cos + x fco;/Ko) (15) 


epresents the equilibrium conditions. mya, m:, and mz, represent, 
espectively, the total molality of sodium and of all forms of borates 
nd carbonates. The addition of 0.2 mole percent of carbon dioxide 
9a solution 0.01m in borax lowers the pH by 0.002 unit. In view 
bf the small carbonate content found for the a kg borax and 
he precautions taken to exclude contamination by atmospheric car- 
bon dioxide, it is likely that any possible error from this source does 
0° (ammot exceed 0.001 pH unit. 

- 3. EQUIPMENT 


™ The water thermostat, potentiometer, and accessory equipment 
) thBnd the method used in making the measurements in this work differ 
thirifiomewhat from a unit described previously [15]. All measurements 
ere performed in a metal-lined constant-temperature room. 
Figure 2 is a general view of the water thermostat, some of the cells 
A) in position and connected to the hydrogen-supply manifold, the 
hermoregulator (B), and the cooling coil (C). The cooling coil and 
xpansion valve for the bath are operated in parallel with a similar 
init for cooling the room. For temperatures between 0° and 25° C, 
he diaphragm valve on the refrigerant line is adjusted to cool the 
ath slightly below the desired temperature, and a small amount of. 
_ [g@eat is supplied electrically as required. 
atelf/ The temperature of the bath was read by means of a calibrated 
utiomm™mercury-in-glass thermometer graduated to 0.2° C, and estimated to 
erred 02° with the aid of a small magnifier *. The uniformity of tem- 
\oulmperature within the bath was tested with a Beckmann thermometer at 
rate) different locations, corresponding to the positions of the electrodes 
h th@l@rben in use. At 0°, 25°, and 60° these deviations from the average 
rogeilmeeMperature were respectively +0.02°, +0.01°, and +0.03°. The 
utio™m™paniations of the temperatures of solutions inside the cells were ap- 
ratiigim™oximately one-fifth the above. 
The electromotive forces of the galvanicJcells were measured in 
inovternational volts. A precision type of potentiometer, a calibrated 
chewitimetandard cell, and a sensitive galvanometer were employed. The 
ronment cells have been described previously [15]. One of these cells, 
eady to be filled with the buffer solution, is shown in figure 1. The 
hethod of filling the cells is described later. 
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"An uncertainty of 0.02° in temperature corresponds to 0.0003 in pH or pK. 
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4. ELECTRODES 


The hydrogen electrodes were constructed from platinum foj!s 1 
by 15 by 0.2 mm, to which were welded short pieces of platinum win 
A glass bead covering part of the wire and both sides of the foil at th 
weld '* was fused to a 5-mm glass tube 3 inches long. 

The electrodes were cleaned by boiling for 3 minutes in aqua regi 
(1 part of concentrated nitric acid and 3 parts of concentrated hydy 
chloric acid) diluted with an equal volume of water. They wer 
first coated electrolytically with a thin layer of gold and then plat 
nized according to the method of Popoff, Kunz, and Snow [16]. Thy 
electrodes were usually prepared before each series of determination 
(a “run’’), althougn electrodes from a previous run have occasionalh 
been used. No differences Jarger than 0.02 mv were observed betwee 
electrodes freshly prepared, those used in previous runs, and spar 
electrodes that had been stored in water for a year or more. 

The silver-silver-chloride electrodes were of the thermal-electrolytig 
type [17]. The older electrodes were made by igniting spheroid 
masses of silver-oxide paste around platinum-wire spirals and weigh 
approximately 0.3 g after being chloridized. In the new ones, th 
silver-oxide paste was pressed within machine-wound platinum spira 
3 mm in diameter by 6 mm long and then ignited and chloridized 
The mixture of silver and silver chloride weighed only 0.08 to 0.1 
g and was found to reach equilibrium much more rapidly. Agi 
the electrodes of both forms overnight in a buffer-chloride solutioy 
sufficed to bring them to within 0.05 mv of each other. Wher 
equilibrium is reached, they do not differ by more than 0.02 my from 


each other after aging for a ig or more. 
] 


The electrodes were usually prepared several days before eacl 
run, and after aging and checking in a dilute chloride solution wer 
stored in distilled water until needed. Three electrodes of one kin 
hydrogen or silver-silver-chloride, were mounted in one rubbe 
stopper.* 

5. PROCEDURE 


The silver-silver-chloride electrodes were removed from the d 
tilled water in which they had been immersed, dried superficial 
with filter paper, and soaked overnight in a portion of the props 
buffer-chloride solution. When checked the next morning, the ele 
trodes generally agreed to within 0.02 mv. The hydrogen and ti 
silver-silver-chloride electrodes were then placed in the proper ¢ 
in which the normal atmosphere had been replaced by hydrogen. 

The buffer solution in dilution flask A (fig. 1) was forced into t 
emf cell by means of hydrogen gas, and the stopcocks of the fla 
were then closed. The solution was expelled from the emf 
through stopcock B by means of pressure appliea at C and the ce 
refilled. The solution was allowed to stand in the cell approximate 
5 minutes before being discarded. This process was repeated thr 


8 Soft glass, Pyrex, and “‘lead sealing-in” glass were found to orack at the bead. Kimble ‘‘machinem 
flint tubing” has the proper coefficient of expansion for this purpose, and platinum-to-glass seals made! 
this material will withstand considerable mechanical shock and repeated heatings to 400° C witha 
cracking. Acknowledgment is made to the glassblowing shop of this Bureau for these tests. 

14 The mounting is most conveniently made by thoroughly cooling the rubber stopper in liquid alt 7 
drilling the Poles in a drill press. The diameter of the drill should be 10 percent less than that of the? 
tubing. By this method, a very clean, smooth bore is obtained. 
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more times. After the last filling of the cell, solution flask A was 
moved and a connection to the hydrogen supply was substituted. 
slow stream of hydrogen, corresponding to that used in the emf 
easurements, was passed through saturator bulb D, and the slight 
ress of solution above the electrodes in the hydrogen-electrode 
partment was run to waste through —— C. A trap, E, 
as then attached to stopcock C' and the cell placed in position in 


he bath (fig. 2) and connected to the hydrogen-supply manifold by 
sans of a semiflexible copper tubing equipped with brass joints of 
, The silver—-silver-chloride and hydrogen electrodes 
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cure 3.—Typecal data of the relation of time and temperature and electromotive 
force of the cells, 


¢ bath was heated from 45° to 50° C; the cells reached equilibrium with respect to electromotive force 
approximately 3 minutes after a new constant temperature in the bath had been attained. 


The emf measurements of the 10 cells were first made at 25° C. 
weause the solutions were already saturated with hydrogen, equilib- 
n values for the emf were reached in about 2 hours. The bath 
is then cooled overnight to nearly 0° C; emf measurements were 
en made at this temperature and thereafter at 5° intervals up to 
°C. After the data had been taken at the highest temperature, 
ebath was cooled to 25° C and the emf again recorded. In all, 
te sets of measurements were made at 25° C. Generally, 3 days 
re required to complete the series of measurements. The emf data 
re corrected for the vapor pressure of water [18] and to 1 atmosphere 
hydrogen [19]. Cells whose initial and final emf values at 25° C 
lered by more than 0.15 mv (0.0025 pH unit) were rejected as 
Satisfactory. 

A study was made of the rapidity with which the temperature and 
é emf of the cell attained equilibrium when the temperature of the 
th was raised 5 degrees. The results show that the new thermal 
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equilibrium in the cell was reached in about 20 minutes, and that they 
was a lag of only about 3 minutes between the thermal and the electy 
satay force equilibria. A typical record of the data is showy j 
ure 3. 

°The three hydrogen and the three silver—silver-chloride electrods 
in the same cell permit nine measurements of the emf. Side reaction 
and abnormal states of electrodes affecting unequally the emf ay 
revealed quickly. The data from such electrodes were rejected, 


IV. ELECTROMOTIVE FORCES OF GALVANIC CELLS Coy 
TAINING BORAX-SODIUM CHLORIDE BUFFER SOLY 
TIONS; CALCULATION OF THE IONIZATION CONSTan} 


Table 2 gives the compositions and the observed emf corrected tj 
1 atmosphere of hydrogen at 5-degree intervals from 0° to 60° C fy 
cells containin Pie. mixtures of boric acid, sodium borate, an 
sodium chloride. Borax was used in series 1 and anhydrous sodiuy 
tetraborate in series 2. 


TABLE 2.—Observed electromotive pone in international volts of hydrogen-silver 
chloride cells containing equimolal mixtures of boric acid (mj), sodium borate (m) 
and sodium chloride (ms), corrected to 1-atmosphere pressure of hydrogen 


SERIES 1. BORAX (DECAHYDRATED SODIUM TETRABORATE) 








Solution No. | ™=™2 | ms Es Ev E,s 





0. 002906 | 0.002695 . 0.90780 | 0.913 
- 003660 | . 003394 - 88565 . 890£ ° 90211 | =. 

. 005323 | . 004937 . . ° - 89328 | 8 

- 005963 | . 005530 - 87, ° - 89044 | 

- 006204 | . 006106 - 87 ° . 88801 | 


| 
.007163 | .006643| . ; 88610 | 
.008830 | .008189 | . ‘ - 88069 | 
-009313 | .009165] . : . 87795 | 
-011227 | .011050 | . 857 5 : 87337 | 
.012767 | .011840| . - 86636 |. 87173 | 


- 013384 | .013171 ‘ ° . 86903 | 
- 016101 | .014932 ° ° - 86607 | 
- 017618 ° : . . 86187 

. 020788 . ° ° . 85784 | 
- 026434 ° ° - 85192 | 





SERIES 1—Continued 





Es Ew 





0. 93705 
. 93154 
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Taste 2.—Observed electromotive force in international volts of hydrogen-silver- 
‘chloride cells containing equimolal mixtures of boric acid (m;), sodium borate (mz), 
and sodium chloride (m3), corrected to 1-atmosphere pressure of hydrogen—Con. 


SERIES 2. ANHYDROUS SODIUM TETRABORATE 








eee 
Solution No. ™m=™2 ms Ey Es Ex Eis Ex 





0. 003381 | 0.003403 | 0.88539 | 0.89099 | 0.89666 | 0. a 0. 90834 


Herre eee er ccdnwencccushh MNGe 4 .0GN716 |  B0S08-1.. .a7808 |. Bee 89535 
WR 2 ihe ia ns SEL . 007497 | .007545 . 86659 . 87189 . 87735 . 88289 . 88846 
BA ER 8h ARE 009436 | .009496 | .86128| .86647]| .87184| .87719 * 88268 

igh NOR te Ne oF 009960 | .010023} .85992| .86516] .87043| .87582 . 88129 
014233 | .014323} .85158| .85662] .86176|  .86693 . 87225 


- 015343 | .015440 . 84987 . 85481 - 85995 - 86516 - 87045 
. 018524 | .018642 . 84553 - 85054 . 85540 - 86061 - 86581 
- 020574 | .020705 . 84322 - 84806 . 85293 . 85809 - 86326 


























SERIES 2—Continued 








Ex Ex Ey Ex Ew Ew Es Ew 
F 0. 91391 0. 92013 0. 92603 0. 93183 0. 93760 0. 94331 0. 94897 0. 95428 
Be Bs hore oid . 90083 . 90672 . 91238 . 91799 . 92364 . 92921 . 93475 . 94016 
coaveebeawneees! . 89406 . 89968 . 90529 . 91083 - 91632 . 92186 . 92728 . 93265 
oe. Ss . 88802 . 89363 . 89916 . 90464 - 91011 . 91554 . 92092 . 92629 
Tar err a . 88671 . 89230 . 89781 - 90325 . 90869 - 91411 . 91953 . 92481 
cactaeesavesneawe . 87759 . 88295 . 88828 . 89359 . 89885 . 90415 - 90940 . 91468 
RS eas 5-2 . 87571 . 88099 . 88627 - 89151 . 89675 . 90208 - 90723 . 91233 
BROS ES . 87103 . 87616 . 88140 . 88661 . 89170 . 89702 . 90214 . 90733 
. 86824 . 87353 . 87868 . 88388 . 88898 . 89416 . 89925 . 90430 





























Values of the negative common logarithm of the apparent constant, 
pK’, defined in eq 14, are given in table 3. In calculating these quanti- 
ies the H° values of Harned and Ehlers [20] were used. Recalcula- 
ions of 2.30259RT/F and of A and B in the Debye-Hiickel equation 
have been made by Manov, Bates, Hamer, and Acree [21]. 


Taste 3.—Values of the negative ae of the apparent ionization constant, 
pK’, of boric acid from O° to 60° C in equimolal mixtures of boric acid, sodium 
borate, and sodium chloride 


SERIES 1. BORAX 


| 


Solution No. a pK’s | pK’s pK’ pK’ pK’» pK’'s 











0. 005600 9. 5104 9. 4331 9. 3712 9.3195 | 9.2709 9. 2245 

pis Ser enn io dntvcsal - 007054 9. 5132 9. 4333 9. 3737 9.3195 | 9.2711 9. 2332 
bat eh Rake ati . 010260 9. 5173 9. 4388 9. 3795 9. 3270 9. 2777 9. 2356 
Seen ae 9. 5084 9. 4371 9. 3785 9. 3264 9. 2782 9. 2349 
bdncnance - 012309 9. 5105 9. 4385 9. 3791 9. 3268 9. 2791 9. 2349 

} 











ok hee 013805 9. 5167 9. 4395 9. 3825 9. 3299 9. 2811 9. 2354 

ast iebaee Giants 017019 9. 5104 9. 4401 9. 3788 9. 3259 9. 2787 9. 2359 

eS ey a 018477 9. 5067 9. 4387 9. 3786 9. 3268 9. 2784 9. 2342 
ebasenees . 022277 9. 5091 9. 4401 9. 3795 9. 3276 9. 2788 9. 2354 

+ 024607 9. 5138 9. 4457 9. 3808 9. 3289 9. 2796 9. 2382 

plodieuodh abet - 026: 9. 5123 9. 4371 9. 3803 9. 3279 9, 2792 9. 2356 
paseaiehdemmme at . 031032 9. 5176 9. 4441 9. 3832 9. 3305 9. 2820 9. 2370 

scandent pialteuacsld 035520 9.5098 | 9.4431 9. 3823 9. 3289 9. 2794 9. 2355 
sitaghedscebs ihectate 043203 9. 5168 9. 4447 9.3840 | 9.3301 9. 2826 9. 2376 


9.4478 | 9.3840 | 9.3308] 9.2816 9. 2378 


S 
8 
Ww 
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TaBLE 3.—Values of the negative logarithm of the apparent ionization constan, 
pK’, of boric acid from 0° to 60° C in equimolal mixtures of boric acid, sodiun 
boraie, and sodium chloride—Continued 

SERIES 1—Continued 








Solution No. p.m pK’'s 





9. 1465 
9. 1554 
1595 
1575 
1596 


1583 
1585 
1597 
1617 
1630 


1619 
1618 
1604 
1611 
1606 


1976 
1942 
1960 


OLPOSo CEeEse swowos 
OHESS GBoLes ewes 
PHGGO GBOOHo www; 


© 
_ 
cc 
as 
oo 








SERIES 2, ANHYDROUS SODIUM TETRAB 





‘ . Ionic > 
Solution No. strength pK’s PK’ 





9. 4422 9. 3802 
9. 4401 9. 3798 
9. 4411 9. 3812 
9. 4425 9. 3828 
9. 4422 9. 3811 


9. 4423 9. 3815 
9. 4421 9. 3819 
9. 4465 9. 3825 
9. 4470 9. 3842 





SERIES 2—Continued 





| 
Solution No. strength pK’ pK's PK" ss pKa 





1623 

1612 
1645 
1635 
1646 


1628 
1624 
1643 
1653 


. 006784 
| .011397 
. 015042 
| ‘018031 
| .019982 


| . 028556 
. 030782 1976 
. 037166 1989 
- 041279 9. 2006 


1963 
1962 
1988 
1974 
1988 


1977 


9. 0550 
9. 0533 
9. 0562 
9. 0563 
9. 0580 


9. 0552 | 
9. 0541 | 
9. 0568 | 
9. 0576 | 


PHS oCLCoCece 
OPELoo oOpecs 
$2] 0 eesce 
oooe ooooeo 























In figure 4 are plotted the values of the negative logarithm of th 
apparent ionization constant, pK’, for temperatures of 0°, 25°, am 
60° C as a function of the ionic strength of the solution. Excep 
at the greatest dilutions, the points at each of the temperatures | 
on a straight line within the limits of experimental error. 1! 
extrapolation to zero ionic strength was made readily" and the vali 
of pK thus obtained. 

In table 4 are given the values of pK, K, and 8* at temperaturt 
from 0° to 60° C. At 0°, 25°, and 60° C, calculations were mad 
separately of the pK, K, and 6* values obtained by using bor 
and anhydrous sodium tetraborate. Table 4 shows that the agre 
ment is well within 0.001 pK unit and that the degree of hydratio 
of the salt is immaterial. 


18 The extrapolation was made by the method of least squares. 
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TaBLE 4.—Summary of values for pK, 8*, and K from 0° to 60° C 








Temperature pK | B* | xx108 | Remarks ! 





Borax. 

Fused borax. 

Average value. 
Do. 


Do. 

Do. 
Borax. 
Fused borax. 


ESN3 BRrs 


Average value. 
Do. 


Do. 
Do. 


Do. 

Do. 
Borax, 
Fused borax. 





OOLW NNR Eom wWoogoge 


co Ge OO GO Crow 
POO Nhe O 














1 The average values for pK, 6*, and K at the temperatures other than 0°, 25°, and 60° C are those for the 
solutions of borax and of anhydrous sodium tetraborate given in tables 2 and 3, and in figure 4. 


In view of the greater ease of preparation, however, it is recom- 
mended that borax, prepared as described earlier in this paper, be 
used instead of the fused material as suggested previously [1]. 

The equation 


pK =2237.94/7+0.016883 T—3.305, (16) 
where 7’ is 273.16 plus the temperature in degrees centigrade, repro- 
duces the experimental variation of pK with absolute temperature to 
within 0.001 unit’® except at the two extreme temperatures where 





9.52 





950 




















! I | L 
0.02 0.03 0.04 0.05 


IONIC STRENGTH, }| 


Ficurn 4.—Plot of the apparent ionization constant, pK’, versus ionic strength at 
temperatures of 0°, 25° and 60° C. 


The two series of determinations in which decahydrated borax was used are represented by © and @; data 
for the fused borax are indicated by @. 


_————— 
"The constants of this equation were obtained by the method of least squares. 
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the discrepancies are approximately 0.006 unit. The results gy 
expressed graphically in figure 5, where the values of Owen [2] gy, 
included for comparison. 





9.50 








RES SS NR Tee Se | 
20 30 40 50 60 
TEMPERATURE, °C 


Figure 5.—Variation of the thermodynamic ionization constant of boric acid from 
0° to 60° C. (closed circles). 


The open circles represent the data obtained by Owen [2]. 





In table 5 the results of previous workers are shown. Where the 
measurements were not made at 25° C, the results have been recalct- 
lated to this temperature by values of dpK/dT obtained from the 
work reported here. 

TaBLeE 5.— Values of pK obtained for boric acid by different workers we 
Reference Year Method | pK at 28°C 











Bock [22] 

Walker and Cormack [23] 
Hantzsch and Barth [24] 
Lundberg [25] BE eT ee 
S¢rensen [26 ig emf (cells with liquid junction) 

Palitzsch [27 ‘ do t 

Clark and Lubs [28]_- ‘ piel 
Menzel [29] 

Prideaux and Ward + oom 
Kolthoff and Bosch [31 

Fawcett and Acree 

Hahn and Klockman (33) 

Britton and Robinson [34] 

Branch, Yabroff, and Bettman [35] 
Owen [2] 











* Values corrected to 25° O by use of dp K/dT' obtained from this investigation. 
* Includes possible errors due to salt effects. 
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. pH VALUES OF BORAX-SODIUM CHLORIDE MIXTURES 


Equation 6 may be rearranged to give 
pH=(E—E°)/k-+log moit+log for, (17) 


rom which pH values of the solutions may be calculated when log fo, 
s known. 

In the derivation of eq 13 the parameter a, was regarded as the sum 
of the radii of oppositely charged ions in contact. For simple binary 
salts such a mechanical picture is easily understood, but in more com- 
lex solutions each pair of oppositely charged ions can be expected to 
vive rise to different values of a; The assumption customarily made 

that eq 13 can be applied to each ion of a complex mixture, and for 
mn anion z of charge 2, the quantity log (fc./f,)is generally expressed 
by the equation 


P, 4% 
log (fou) =" Fp aE + Bt, (18) 


The use of eq 18 involves the concept that the logarithm of the ratio 
nf activity coefficients can be expressed by the use of “‘average”’ values 
or a, and for 8*. Under these conditions, the ‘‘distance of closest 
:pproach”’ tends to lose its physical significance, and it, as well as the 
‘salt effect term’ B*, become constants whose values are obtained 
mpirically by a process of curve fitting.” 

When the anion of the buffer acid is univalent, eq 18 reduces to 


log foi/fz)=8*u, (19) 


1 which 8*, as before, is an “‘average” value for the betas of the two 
onstituents. This use of cells without liquid junctions therefore 
fields no direct information concerning a;."* The practical solution 
0 this difficulty lies in the experimental determination of the degree 
Mf curvature of the plot of pK’ as a function of uw (eq 14). A linear 
lationship will be found only if the values of a, for the two ions are 
qual. Examination of the data in figure 4 shows that this condi- 
ion exists for the solutions studied here. At 0°, 25°, and 60° C the 
verage deviations of the experimental points from linearity are 
¢0.0011, +0.0009, and +0.0014 p& unit, which correspond, respec- 
ively, to +0.06, +0.05, and +0.09 mvin emf. These deviations are 
i the same order of magnitude as the experimental errors and show no 
guificant trend with increasing ionic strength. Calculations indi- 
ite that the a, values for borate and for chloride ions therefore differ 
by 0.2 A or less, which corresponds to a maximum uncertainty of 


0008 in pH for the most concentrated solution at the highest tem- 
erature. 


"This concept is strikingly borne out by recent emf measurements made in this laboratory on the second 
“ciation constant of phenolsuifonic acid [36]. In order to obtain a linear relationship between pK’ and p, 
Was ound necessary to set a; equal to 8 angstrom units (A), a value considerably higher than the 4 to 5 A 
und for other acid-salt mixtures (37, 38]. In the calculation of the pH of a solution, an uncertainty may be 
itoduced when this ‘“‘average’’ value for a; is used in eq 13 and 17 in place of the actual value for the chloride 
1. Additional experimental work on activity coefficients in mixtures of salts is necessary before improve- 
ents can be made in our present methods of calculating pH. The correct value for a; for use in such cases 
bbably lies between that for hydrochloric acid alone and that which is found necessary to give a linear 
ationship between pK’ and w. At an ionic strength of 0.05, the difference in the choice between a; values 
Sand 8. A corresponds to a possible uncertainty of —0.013 unit in the absolute value of the pH. At 
a there are no adequate theoretical methods for calculating the magnitude of these effects. 

bis situation applies to all buffer acids (or bases) in which only the first ionization constant is involved 
mardless of the number of species derivable by further ionization. For multivalent anions, values of a; (an 
f) are obtainable from the experimental data and apply only to the particular mixture studied. The 


anew ; generally made, however, that the a; walues for the uni- and the bivalent ions of the same 
ual, 
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Accurate measurements of theactivity coefficients of sodium chloride 
solutions from 15° to 45° C are available from the recent work of 
Janz and Gordon [39]. The numerical values obtained for a, by these 
authors have been recalculated to conform to the preferred value 
of A and B [21] and are 4.4, 4.4, 4.4, and 4.3 A, respectively, at 13° 
25°, 35°, and 45° C. The average, 4.4 A, has been used here to cal. 
ge the pH of borax-sodium chloride buffer soutions from 0° t 
6 . 














30 
TEMPERATURE,°C 
FicurE 6.—pH values of equimolal mixtures of boric acid, sodium _ borate, and 


sodium chloride from 0° to 60° C at ionic strengths of 0.01 (A), 0.02 (B), 0.03 (0); 
0.04 (D), and 0.05 (E), respectively. 


In table 6 the pH values are given for the solutions in series 1 and?, 
arranged in order of increasing ionic strength. The pH values from 


1% The quantities A, B, a; and 8 must be self-consistent in order to express correctly the experimental 
determined values of the activity coefficients. : ibe 

#° Although the a; values for the chloride and borate ions in this mixture are equal, there is a possible 
jection to the a that the a; for the mixture is the same as that for pure sodium chloride. Con 
sideration of the work of Giintelberg [40], Hawkins [41], Harned [42], and others on the activity coefficien 
of mixtures indicates that the above objection is not serious and is unlikely to give rise to uncertail\ 
exceeding 0.002 pH unit. 
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to 60° C at integral ionic strengths are given in table 7 and are 
resented graphically in figure 6. The values in both tables are 
arded as accurate to 0.003 pH unit. 





TABLE 6.—pH values of borax-sodium chloride mixtures from 0° to 60° C 





Ionic 20° 25° 


Solution No. strength 





0. 006784 


38 


OOOOO OOGOCo oOooecs 


030782 


. 031032 
- 035520 
- 037166 
. 041279 
- 043203 


- 053293 


WOOD OOOOOG OSLO oowowoo 





© LOL OGOO GESeo SLeeseo eLvsss 


~o weLCcwe 











Tonic 
strength 


8 


Solution No, 





0. 006784 
. 011397 
. 011493 
- 012309 
- 013805 


. 015042 
. 017019 
- 018477 
- 018931 
. 019982 
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TaBLE 7.—pH values of boraz-sodium chloride buffers at rounded values of ij, 
tonic strength 














Ionic strength 
Temperature 

0.01 0.02 0.03 0.04 0.05 

ee 

°C 

A Map, FF BALERS RON Bs Rigas Aid aye ciate 9. 465 9. 449 9. 439 9. 431 9.45 
OEE ELE TEE SE ARES EEG Ope: Oe Cane TP EE 9. 394 9. 379 9, 368 9. 361 9. 355, 
EERE SS IEE ARLES ORR ae TS: Sipe Fo 9. 334 9. 320 9. 310 9. 302 9, 
) RETR SRTR pate ae EER BIE r ae S O E 9. 278 9. 267 9. 256 9. 247 9,49 
i ici in ccs sail tl sac iat a dibs atin 9. 231 9. 219 9. 208 9. 200 9, 193 
Reville el oS atlas eae 9. 185 9. 174 9. 164 9.155) 949 
_ SS seed taRes sscn Sa h S aig ‘hei ad 9. 144 9. 132 9. 123 9.114 9.10 
Bia cas ne sesh aaa clings aise hoes dts cis Min ante ik sean Mpa ob tins 9. 109 9. 097 9. 088 9.079 9.0% 
iii itcen ictal abs cao abitiaicn bikdie sn hint oe tag 9.073 9. 063 9. 054 9. 046 9.039 
45_. isis shlltla nid sch wm tabi se ae ke bettie hes se ialiae 9. 046 9. 035 9. 026 9. 017 9. 009 
50 cia: leak ap isha hed tbe pakeces lola ale aati paid 9.019 9. 009 9. 001 8. 993 8.985 
SUE sic oes th op ccs lakicind Senses ahi alt sin ese Mans can et RA ii 8. 992 8. 984 8. 976 8. 968 8.959 
Si kde es techeald die oles Sek bin ad aed os aan aie 8. 964 8. 960 8. 953 8. 944 8.934 




















Each of the solutions in table 7 may be used as a pH standard, 
An error of 1 percent in the total concentration corresponds to less 
than 0.001 in pH, and it is therefore permissible to make up the solu- 
tion to a totel volume of 1 liter instead of weighing out the water 
separately. A solution composed of 0.01 mole (3.814 g) borax and 
0.02 mole (1.169 g) sodium chloride per liter of solution is readily 
prepared and has a pH of 9.155 at 25° C. 

lectrometric pH equipment such as glass-calomel and hydrogen- 
calomel assemblies and special glass electrodes for determining the 
pH of highly alkaline materials may be calibrated by means of these 
solutions. Durin the past 2 years several hundred comparisons 
have been made Geko the of of a 0.05~m solution of potassium 
acid phthalate (NBS Standard Sample 84 a) and borax-chloride 
solutions, using various commercial vacuum-tube pH meters. In 
practically all cases the calibrations of the meter with phthalate and 
with borax, srarysps by oy. these two standards in either order, 
eed to within 0.01 pH unit, the limit of error of the best instrument. 
owever, if the glass electrode was old or had been mishandled, the 
H-emf relationship departed from linearity, and the agreement 
etween the calibrations then differed by as much as 0.06 unit. 





VI. RELATED THERMODYNAMIC QUANTITIES 


Values expressed in international joules of the changes in free 
energy, entropy, heat content, and heat capacity which accompany 
the ionization of 1 mole of boric acid at infinite dilution ” can be 
computed from the following general equations [43], together with 
the appropriate numerical values from eq 16: 


21 In avcordance with the convention regarding the hydration of solutes at infinite dilution [43], the respec 
tive values for orthoboric and metaboric acid are identical. 
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\P=—RT In K=2.30259RTpK =42836+0.323157?—63.2647' (20) 
\S°= — (QAF?/0T) p= —0.646317+-63.3 (21) 
AAP =AF°-+ TAS® =42836—0.223157? (22) 
\0?p= (QAH?/OT) p= —0.64631T (23) 














1.05 * ° - 
— The value of R used throughout this pages is that of Cragoe [44]; 
33127 int. j deg’. For comparison with data in the literature, 
3 MM the calorie is taken equal to 4.1833 int. j [45]. The derived thermo- 
:% HM dynamic quantities are given in table 8. 
9.193 
og MEE TABLE 8.—Derived thermodynamic quantities for the process: H;BO;(aq) =H*(aq) 
9.106 + BO;- (aq) 
9.070 
9.0% 
9. 009 Temperature Ap° AP? Ap° Ap° 
8. 
i Int. j cal Int. j cal Int. j cal Int. j cal 
SING, ices. diwencaee 49, 667 11, 873 18, 723 4,476 | —113.3 —27.1| —176.5 —42.2 
Le ae ae 5 12, 010 17, 833 4,263 | —116.5 —27.9 | —179.8 —43.0 
on SA ER ES 50, 832 12, 151 16, 926 4, 046 —119,7 —28.6 | —183.0 —43.7 
SS ame 51, 439 12, 16, 002 3,825 | —122.9 —29.4 | —186.2 —44.5 
RRs. ee 52, 062 12, 445 15, 063 3, 601 —126. 2 —30.2 | —189.5 —45.3 
ee Ae ho cadena 52, 701 12, 598 14, 107 3,372 | —129.4 —30.9 | —192.7 —46.1 
aa eceahceebeal 53, 356 12, 755 13, 136 3,140 | —132.7 —31.7| —195.9 —46.8 
SPER es ‘ 12, 915 12, 148 2,904} —135.9 —32.5 | —199.2 —47.6 
Ec en akea bine 54, 715 13, 079 11, 144 2,664 | —139.1 —33.3 | —202.4 —48.4 
yi 5 cthas wwe aeitesem 55, 419 13, 10, 124 2,420 | —142.4 —34.0 | —205.6 —49, 2 
pumuni bake sneered 56, 139 13, 420 9, 088 2,172} —145.6 —34.8 | —208.9 —49.9 
cod ceed ian ate 56, 875 13, 596 8, 036 1, 921 —148.8 —35.6 | —212.1 — 50.7 
Li Sct soancabareeatuRe wee 57, 627 13, 775 6, 967 1,665 | —152.1 —36.3 | —215.3 —61.5 
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Ficure 1.—Electromotive force cell in position for filling, showing solution flask A, 
overflow stopcocks B and C, saturator D, trap F, and electrodes F and G. 
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Figure 2.—General view of the hath, showing electromotive force cells, A, connected 
to the hydrogen-supply manifold by means of the semiflerible copper tubing, th 
thermoregulator B, and the cooling coil, C. 
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DETERMINATION OF TIN IN NONFERROUS METALS BY 
DISTILLATION AS BROMIDE AND PRECIPITATION 
WITH CUPFERRON 


By William D. Mogerman 


ABSTRACT 


A gravimetric method is described for the determination of tin in copper-base 
and lead-base alloys. The procedure involves separation of the tin by distillation, 
recipitation with cupferron, and ignition to stannic oxide. Results obtained 
. applying the method to known amounts of tin and to a number of nonferrous 
alloys show that an accuracy to +0.2 mg can be expected for amounts of tin 
ranging from 0.05 to 0.24 g. 
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I. INTRODUCTION 


In the analysis of nonferrous alloys, tin is usually determined by 
titration of stannous chloride with an iodine or iodate solution. The 
reduction of tin to stannous chloride is effected in acid solution by 
means of a metal. Lead, nickel, aluminum, antimony, and iron 
have been used for this purpose. The method is subject to certain 
limitations, which have been discussed frequently in the literature. 
Molybdenum [1] * and vanadium [1] are partially reduced and 
cause high results. Tungsten [1] interferes by reason of its color. 
Copper [2], antimony [2], arsenic [3], iron [3], titanium [4], and potas- 
sium iodide [4] have been stated to interfere under certain conditions. 
In order to overcome the effect of these impurities, Scherrer [5] 
separated the tin by distilling as stannic tetrabromide prior to reduc- 
tion and titration. 

It has been claimed that oxygen [4] dissolved in the oxidizing 
reagent also causes erroneous results. When an iodine solution 


KL 
*Figures in brackets indicate the literature references at the end of this paper. 
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is standardized with tin, the titer of the solution is slightly hiche 
than that obtained by standardization with arsenious oxide. This 
effect is apparently not directly proportional to the oxygen concentn,. 
tion, hence it is impractical to compensate for it by adjusting th 
blank correction. To decrease this oxygen error, it has been recon. 
mended that potassium iodate [3] be used instead of iodine. Ay 
apparatus [4] designed to prepare oxygen-free iodine solutions 
been recommended, but this apparatus does not appear to be o». 
venient for everyday use. It is evident that the iodometric metho 
for the determination of tin is subject to limitations in work of hig) 
accuracy, although the errors pvelwed may be small and not prohib. 
itive for most gommercial work. 

Kling and Lassieur [6] first proposed the use of cupferron for the 
quantitative determination of tin in the hydrofluoric acid filtrate ob. 
tained after separation of antimonous sulfide by the method describe 
by McCay [7]. The cupferron is added in the presence of a lary 
excess of boric acid, used to form a slightly dissociated complex with 
the free hydrofluoric acid present. The tin-cupferron compound js 
ignited to stannic oxide. Subsequently these authors stated that for 
rapid work they preferred an electrolytic method for tin. 

urman [8] also studied this combination of the McCay method 
with the cupferron precipitation of tin, and separated tin from anti- 
mony, zinc, manganese, cobalt, and nickel. The use of hydrofluoric 
acid is an obvious disadvantage of this method. 

Pinkus and Claessens [9] precipitated tin with cupferron in the 
presence of antimony, arsenic, and zinc. This separation require 
that antimony be in the quinquevalent state. The valences of the 
tin and arsenic are immaterial. 

In the proposed method the sample is decomposed with nitric 
acid' and the tin separated as impure stannic oxide. This precipitate, 
which contains in the usual case all the arsenic and antimony, 
dissolved in nitric and sulfuric acids, and the solution treated with 
hydrazine sulfate to reduce the arsenic and antimony to the trivalent 
state. The solution is transferred to a distilling apparatus, and the 
arsenic and the bulk of the antimony removed fs distillation, phos- 
phoric acid having been added to retain the tin. The tin is now dis 
tilled into a separate receiver by the use of diluted hydrobromic acid, 
and the distillate treated with potassium permanganate to oxidiz 
traces of antimony. After proper adjustment of the acidity, tin 
precipitated with cupferron, filtered, and ignited to stannic oxide. 


II. PROCEDURE FOR COPPER-BASE AND LEAD-BASE 
ALLOYS 


1. DISTILLING APPARATUS 


An all-glass distilling apparatus, similar to that designed by Scherrer 
[5] was used in this work. Small modifications were made as to si 
and compactness. 


1 Throughout this paper whenever acids are mentioned, nitric acid will refer to the concentrated acid of 
SP gr 1.42; sulfuric acid, the concentrated acid of sp gr 1.84; phosphoric acid, the acid containing 85 percent 1 
Te POs: and hydrobromic acid, the acid containing 48 percent of HBr. Diluted acids will be designated « 
follows: For example, diluted nitric acid (1+2) will mean 1 part of nitric acid diluted with 2 parts of water. 
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In figure 1, A is a constricted tube having a capacity of about 60 ml. 

solutions are added through this tube. It is sealed to a stopcock 
having a straight 3-mm bore. The tube extending from A into B has 
a diameter of not over 4-mm in order to maintain a column of liquid 
‘nit. The side tube in B is for the purpose of introducing a stream of 
carbon dioxide. B is sealed to the top of the flask neck, and should 
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Figure 1.—Distilling apparatus. 





























extend as close to the bottom (without touching) as possible, say 1 to 2 
mn. This is to minimize bumping. 
The boiling flask, C, has a capacity of 1,000 ml. It is provided with 
Ire! HM a delivery tube leading to a condenser, and a thermometer-well closed 
sit“MB at the bottom. The thermometer-well is sealed to the top of the flask 
neck, and reaches nearly to the bottom of the flask. The distance 
ed between the bottom of the flask and the delivery tube is 16 to 17 cm. 
~std ie The flask, C, rests on an asbestos board having a round hole about 
‘i MMA 4 cm in diameter to receive the burner flame. The apparatus is fas- 
tened to a large ring stand by a clamp at D. 
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The distillate is collected in a beaker containing 100 ml of cold dis. 
tilled water so placed that the tip of condenser D is slightly immersed, 
An evaporating dish with a side exit tube is provided to hold the 
ee and also to catch the condenser water which is permitted tg 

ow into it. 


2. PREPARATION OF THE SOLUTION 


The weight of sample taken should be such that the amount of tip 
ranges from approximately 10 to 200 mg. Transfer the sample to q 
covered beaker, add diluted nitric acid (1+-2), and warm gently. For 
a 1-g sample use 25 ml of acid and for 5 g use 80 ml. Whensolutionis 
complete, boil to expel oxides of nitrogen and dilute threefold with hot 
water. Digest on a steam bath several hours or overnight. Filter the 
solution through a close-texture paper and wash the precipitate with 
hot diluted nitric acid (1+99). Transfer the paper and precipitate toa 
Kjeldahl flask of 300 ml capacity.?, Add 12 ml of sulfuric acid and let 
stand for about 15 minutes. Add 25 ml of nitric acid and digest ona 
steam bath for 15 minutes. Heat over a free flame with constant 
rotation until most of the nitric acid is expelled and the solution 
becomes straw yellow. Add a few drops of nitric acid and continue 
the heating and agitation until fumes of sulfuric acid appear. If the 
solution darkens, continue the dropwise addition of nitric acid and the 
heating until the organic matter 1s destroyed and no further change 
of color takes place. Cool, add about 10 ml of water, and evaporate 
until fumes of sulfuric acid appear. Cool, add 0.5 g of hydrazine sul- 
fate, and boil gently for 5 minutes.* Cool, wash down the sides of the 
flask with approximately 25 ml of water, and cool again. Add 10 nl 
of hydrochloric acid and transfer the solution to the distilling apparatus 
(fig. 1). Rinse the flask well with about 80 ml of diluted hydrochloric 
acid (1+1). 


3. REMOVAL OF ARSENIC, ANTIMONY, AND EXCESS HYDRO- 
CHLORIC ACID 


Place a beaker containing 100 ml of water under the condenser with 
the end dipping below the surface. Insert the thermometer in the well 
and allow a steady stream of carbon dioxide to pass through the ap- 
paratus, passing it first through a U-tube containing a little water. 
About 2 to 3 bubbles per second through the U-tube is a suitable rate. 
Start the flow of cold water through the condenser. 

Heat the solution to boiling, and boil gently until the temperature 
rises to approximately 110° C. Add 10 to 12 ml of phosphoric acid, 
and increase the rate of heating. When the temperature reaches 155° 
C, add 25 ml of hydrochloric acid * dropwise at a rate of 30 to 40 drops | 
per minute, maintaining the temperature at 160°+5°C. Discontinue 
the heating, lower the receiver, and rinse the condenser tip. 


2 Some copper-base alloys contain an appreciable amount of iron, which exerts a solvent action on mets 
stannic acid. In ae of the highest accuracy, or if more than 5 mg of iron is present, the dissolved tin 
must be recovered. Add diluted ammonium hydroxide (1+1) to the filtrate until it is strongly alkaline, 
boil, filter, wash with diluted ammonium hydroxide (1+10), and finally with water. Add the paper and 
eae to the Kjeldahl flask containing the first | nee a er 

3 This step, intended to reduce arsenic and antimony, is necessary for separation of these elements by 
—— However, if they are known to be absent or very low in amount the operation can be 
omitted. 

4This amount of hydrochloric acid will usually suffice to remove the most of any antimony presett. 
Complete removal requires considerably more hydrochloric acid and is not essential. 


SCO a cat 
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4. DISTILLATION OF TIN 


Pee 


Allow the solution in C to cool to about 150° C and place in position 
th new receiver containing 100 mlofwater. Transfer hydrobromic acid 
0 He ture ° to A, and allow it to drop into C at a rate of 30 to 40 drops 

minute. Resume distillation * by raising the temperature quickly 

» 180° C. Maintain the temperature between 180° and 185° C 
ntil all the acid has been added. Then cut off the heat and the flow 
tin t carbon dioxide, and rinse the inside as well as outside of the con- 
















te enser tip.’ 

nig 5. PRECIPITATION OF TIN 

not Dilute * the distillate with water until the concentration of hydro- 
~ promic acid is approximately 6 percent by volume and then add 1 N 
i 


botassium aera aye solution dropwise and with vigorous stirring 
til an amber color appears. Shake up the filter paper, that was 
sed as & cover, with a little water and add the pulp to the solution. 
Add sufficient sulfuric acid to make the concentration 4 percent by 
rolume after the necessary volume of cupferron solution has also been 
dded. 
Chill the solution in ice water and add chilled cupferron solution 
6g per 100 ml of water) in a slow stream, while stirring vigorously. 
or amounts of tin up to 10 mg, use 10 ml of reagent, for 50 mg use 
0 ml, and for 200 mg use 110 ml. Avoid a large excess of reagent. 
Precipitation is complete immediately. Stir vigorously to coagulate 
he precipitate and filter through a close-texture paper containing a 
mall amount of paper pulp. It is important to wash out halogen 
cids completely. Wash the paper and precipitate thoroughly with 
wld diluted cupferron wash solution (25 ml of 6-percent cupferron 
olution diluted to 1,000 ml). Amounts of tin up to 80 mg should be 
rashed 12 times with 8- to 10-ml portions of wash solution; larger 
mounts, such as 200 mg, should be washed at least 20 times. 
Transfer the pe er and precipitate to a weighed porcelain crucible 
urge enough to old the paper comfortably and dry at 45° C® for 4 to 5 

th ours or preferably overnight. Place in a cold muffle furnace and raise 
ell @iphe temperature very gradually until smoking has ceased. Generally, 
p- Mpbout 2 or 3 hours are required. It is then safe to raise the tempera- 
r. Mure gradually to 1,000° C. Ignite for 30 minutes at this temperature, 
ool in a desiccator for 1 hour, and weigh as SnO,. Ignite again to 
heck for constant weight. Subtract the weight of the residue obtained 
na blank carried through all the steps of the procedure. The weight 
{the blanks obtained in the experiments listed in tables 1 to 3 ranged 
mom 0.1 to 0.38 mg and averaged 0.2 mg. The corrected weight of 
nO, multiplied by 78.77 be divided by the weight of sample 
presents the percentage of tin. 
‘This mixture consists of diluted hydrobromic acid (1+2) containing 5 ml of hydrochloric acid per 100 ml 
solution. For 10 mg of tin use 30 ml of this mixture, for 50 mg use 60 ml, and for 200 mg use 140 ml. 
‘Cover the receiver with a filter pa! having a center hole for the condenser outlet, and use this paper 
‘Wine dwg by shaking it up with a little water. 

dealing with materials of unknown tin content, it is advisable to test for completeness of distilla- 
on by distilling with an additional 25-ml ee of acid mixture, catching the distillate in a new receiver, 
Teng the second distillate with cupferron separately. 
by ution is diluted to the proper acidity rather tian neutralized with ammonium hydroxide because 

~~ “ry! et ney al re, bed by the precipitate, cannot b¢ washed out completely, and causes 


‘This operation is conveniently done on top of a drying oven. Too rapid drying at higher temperatures 
I cause the precipitate to liquefy and spatter. 
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III. DISCUSSION OF PROCEDURE AND RESULTS 


The separation of tin by distillation prior to precipitation appeay 
to have definite advantages over other methods. Experiments on the 
precipitation of tin as the hydroxide, sulfide, and cupferron compoun 
indicated that the last-named method was the most suitable fo 
gravimetric work under the conditions following distillation. A nun. 
ber of interfering elements not removed by the McCay method ay 
eliminated by distillation, as for example, iron, titanium, zirconiun 
gallium, and vanadium. In addition, distillation eliminates th, 
danger of error caused by co-precipitation. 

In the method described in this paper the distillation procedure of 
Scherrer [5] is modified and combined with the cupferron method fo; 
tin. As the volatile elements arsenic and antimony are frequently 
associated with tin, directions for the removal of arsenic and the buk 
of the antimony are included. The removal of all the antimony is not 
sought as this requires considerable time, involves danger of loss of g 
small amount of tin by volatilization, and is, moreover, unneeessary as 
quinquevalent antimony in moderate amount (not over 20 mg) is not 
co-precipitated with tin by cupferron. ‘Trivalent antimony is pre. 
cipitated by cupferron. 

In the absence of an excessive quantity of lead, it is possible to con- 
duct the distillation without the preliminary separation of the tin as) 
hydrated oxide. Lead in amounts sufficient to produce a heavy pre. 
cipitate of lead sulfate causes bumping during distillation. More than 
200 mg of lead cannot be handled in the apparatus. 

Repeated trials have shown that approximately a sixfold excess of 
cupferron over stoichiometric requirements must be used to precipi- 
tate tin completely; a four-fold excess is insufficient. On the othe 


hand, a too-generous excess must be avoided as the excess reagent 
precipitates in part and increases the danger of loss by spattering du- 
ing the drying of the precipitate. This precipitate requires more than 
ordinary care in drying. 

As stannic bromide is extremely volatile on ignition, particular care 
must be exercised in washing the paper and precipitate free from hydro- 
bromic acid. Depending upon the size of the press itate, 10 to 20 


thorough washings on the filter paper with cold diluted cupferron 
solution (0.15 percent) are necessary. Large precipitates should be 
filtered and washed with the aid of moderate suction. 

The results shown in table 1 indicate the accuracy that can be ex- 
pected if tin is precipitated with cupferron under the conditions that 
would prevail after distillations as in the recommended procedure. 


TaBLE 1.—Precipitation of tin with cupferron in diluted HBr-HCl-H,SOQ, solution 
followed by ignition to SnO, 








Tin 





Difference 




















* In these experiments, 0.0261 g and 0.0207 g of antimony, respectively, were added. 
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The results in table 2 indicate the accuracy that can be expected 
the complete recommended procedure is applied to known amounts 
of tin. 


upLE 2.—Results obtained by applying the recommended procedure to known 
amounts of tin 
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s In these experiments, 0.0178 g and 0.0280 g of antimony, respectively, were added. 


The data in table 3 indicate the results obtained by applying the 
ecommended procedure to copper-base and lead-base alloys. 


TaBLE 3.—Determination of tin in copper-base and lead-base alloys 








Tin 





Weight 
of Material 


Present | Found sample 





Percent 
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| sect brass, NBS Standard Sample 37c.* 
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| tangnnese bronze, NBS Standard Sample 62b.> 


Ounce metal, NBS Stanc'ard Sample 124.° 
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Cast bronze, NBS Standard Sample 52a.4 
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Phosphor bronze, NBS Standard Sample 63a.¢ 
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Solder, NBS Standard Sample 127. 


sna bearing metal, NBS Standard Sample 53b.! 
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Percentages of other constituents: 
* 70 Cu; 27 Zn; 1 Pb; 0.2 Fe. 
> 57 Cu; 38 Zn; 0.8 Fe; 0.3 Pb. 
¢85 Cu; 5 Zn; 6 Pb. 
4 8 Cu; 3 Zn; 0.05 Fe; 0.01 Pb. 
*78 Cu; 9 Pb; 0.6 Zn; 0.6 P; 0.5 Fo; 0.5 Sb; 0.03 As. 
£84 Pb; 10 Sb; 0.2 Cu; 0.04 As. 
© 64 Pb; 0.8 Sb; 0.1 As; 0.01 Cu. 
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This method is applicable to other materials containing tin, such 
as aluminum alloys, zine alloys, and steels following prelimi 
separations, as by the use of hydrogen sulfide when needed. It cap 
be used for tin-base alloys containing 80 to 90 percent of tin and fo 
tin ores, but in these cases, due to the limited amount of cupferro, 
precipitate that can be conveniently handled, a small sample (0.2 ty 
0.3 g) must be taken, and the resulting accuracy is of the order of 
approximately 1 part in 800. 

he number of elements that may interfere in the recommended 
procedure is small. Germanium, boron, and molybdenum ma 
accompany tin on digestion with nitric acid, and may distill [10] in 
part, but of these only molybdenum, which is uncommon in nop. 
ferrous alloys, would be precipitated by cupferron. Scherrer {11} 
found that with 100 mg of molybdenum originally present, 0.3 mg 
was found with the tin after one distillation, and only 0.01 mg afters 
second distillation. It is thus apparent that danger of interference 
by molybdenum is slight, but should be kept in mind when working 
with materials containing this element. 
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MACHINES AND. METHODS FOR TESTING CORDAGE 
FIBERS 


By Herbert F. Schiefer 


ABSTRACT 


Machines are described for testing the flexural endurance and the resistance 
abrasion of cordage fibers. In the test for flexural endurance, a bundle of 
ors having a twist of one turn per inch is repeatedly drawn back and forth 
ver three small pulleys located at the vertices of an isosceles right triangle. 
n the test for resistance to abrasion, a similarly twisted bundle of fibers is drawn 
ak and forth against a second bundle twisted once around the first. This 
st is made in such a way that the flexing of fibers during the test is reduced 
aminimum. 
The procedures for the selection of fibers, preparation of fiber bundles weighing 
grains per 15 inches of length, and conditioning of test specimens are outlined. 
he unprocessed fibers were tested for the following: Fineness of fiber; dry and 
t breaking strength and elongation; flexural endurance; resistance to abrasion; 
hd the effect of elevated temperatures, continuous soaking in fresh and in salt 
ater, alternate wetting and drying with fresh or salt water, and exposure to 
ht with intermittent spraying with water. The results of tests of six lots 
abaca, nine of sisal, two of jute, two of henequen, one of pita floja, one of ixtle, 
ur of sansevieria, one of palmetto, three of hemp, two of roselle, one of man- 
nita, two of yucca, and one of malvita are given and discussed. 
Great variations were found in the characteristics of different lots and grades 
one kind of fiber. There was considerable gta in results of different 
nds. No one kind of fiber was outstanding in respects. Abaca was the 
rongest of the fibers tested, but some of the lots of abaca were weaker than 
me lots of sisal. Henequen and sisal were more resistant to abrasion than 
e other fibers tested, and they had higher flexural endurance, but were the 
ast resistant to exposure to light and intermittent spraying with water. Pita 
ja, one of the strongest fibers tested, was one of the least resistant to abrasion. 
nsevieria had exceptionally good strength. Hemp and jute were very similar 
all of the characteristics measured. ‘The resistance to abrasion of the fibers 
sted was profoundly affected by the direction of twist in the ply relative to 
at in the bundle, and also by the addition of a small amount of lubricant. 
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. Selection of fibers and preparation of fiber bundles 

. Fineness of fiber 

. Twisting device 
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Breaking strength and elongation, wet 
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(a). S-twist in the bundle and in the ply 


VI. Conclusion 


I. INTRODUCTION 


The development of machines and procedures for testing cordag 
fibers was undertaken by the National Bureau of Standards at the 
request of the Board of Economic Warfare, which acted on the advicg 
of a committee from the War Production Board, and the Unite 
States Departments of Agriculture, War, Navy, and Commery, 
The funds for the investigation were in part provided by the Defens 
Supplies Corporation. The proposed study was discussed with oe, 
perts of the cordage industry. In addition to the development 
machines and testing procedures, the study included the testing of 
standard grades of cordage fibers as well as proposed substitutes. 

The purpos« of this investigation was to provide means for the 
quick evaluation of the characteristics of experimentally grown fibes 
and of less known native fibers. A further purpose was to provide dats 
on the characteristics of fibers long used in the manufacture of rope 
and cordage as a basis for judging the suitability of other fiber. 
These methods and data can be employed in the search for and in the 
quick development of sources of substitute fibers, and obviate the 
need for large quantities of fiber to be made into rope for determining 
the suitability of the fiber by testing the rope. 
study should also aid in the improvement of cordage fibers after the 
war, since means are provided for measuring the characteristics of 
fibers from a single leaf and for conducting systematic and carefully 
planned experiments. 

The machines and methods developed are suitable for testing pr- 
cessed or unprocessed fibers for the following: Breaking strength and 
elongation when dry and when wet; flexural endurance; resistance to 
abrasion; fineness of fiber; and effect of elevated temperatures, con- 
tinuous soaking in fresh or salt water, alternate wetting and drying 
with fresh or salt water, and exposure to light with intermittent spray- 
ing with fresh water. The machines and methods predescribed in this 
paper, and the results of tests on a number of fibers, are reported. 

undles of fibers, weighing 5 grains per 15 in. of length (0.34 g/40 cm 
and containing one turn of twist per inch of length were tested rather 
than individual fibers. This procedure was followed because the 
variation between individual fibers is so great as to make prohibitive 
the number of tests necessary for determining significant differences 
between kinds of fibers. 

On the basis of the data presented, a number of fibers appear to be 
suitable as substitutes for abaca and sisal (hard) and jute (soft) fibers 
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; far as their mechanical characteristics are concerned. The produc- 
ion facilities and cost of these fibers were not considered. One out- 
tanding result of this investigation was the profound effect that the 
lection of twist in the ply relative to that in the bundle had on the 
esistance to abrasion of the fibers, regardless of the kind of fiber 
sted. The amount of twist in the bundle and in the ply also affect 
he resistance to abrasion. A systematic study of the influence of the 
mount of twist would yield worth-while information and indicate the 
pptimum twist to be used for each fiber in the manufacture of cordage 
nd rope having a high resistance to abrasion. 


II. TESTING PROCEDURES AND EQUIPMENT 


_ SELECTION OF FIBERS AND PREPARATION OF FIBER BUNDLES 


Wisps of fibers were drawn at random from different parts of the 
fber lot to be tested. The wisps were stroked by hand to remove 
angled masses of short fibers. They were inserted in a template, 
snd sections 15 in. in length were cut from the wisps. These sections 
vere taken at random along the length to provide sampling of the 
arious parts of a fiber from base to tip. Enough fibers of a lot were 
ut at one time to provide an ample supply for all the tests. The 
ut fibers were placed randomly in oataik alinement in a box to 
make the sample distribution of fiber as uniform as practicable. 
Individual fibers were drawn at random from this box to make a 
bundle weighing 5 grains. Whenever practicable, the fibers in each 
bundle were counted and recorded. In preparing a bundle, care 
vas taken to aline the ends as evenly as practicable. Fibers shorter 
han 15 in. and those of irregular type, such as split or fractured 
ibers, were discarded. ‘The above procedure was followed in pre- 
paring bundles of the different kinds of fibers, except that for such 
ibers as jute, pita floja, and hemp, the number of fibers in the 
bundles were not counted. For these fibers it was too difficult to 
ascertain what constituted a fiber without the aid of some magnify- 
ing device, and counting the number of fibers in each bundle was 
mpracticable. 


2. FINENESS OF FIBER 


From the large number of bundles prepared from each fiber lot, 
he average number of fibers per 5-grain 15-in. bundle was calculated 
as well as the standard error of this average. This number is related 
0 the fineness of fiber by the equation F=1750 N, where F is fineness 
of fiber in feet per pound, and N is the average number of fibers 
ma 5-grain 15-in. bundle. 
_ For those fibers where it was impracticable to count the number 
m each bundle, a sample of the fibers 15 in. long was taken and 
weighed. The sample was then spread out in a fan-shaped pattern, 
and the number of fibers were counted with a widefield, low-magni- 
fication lens. A pair of sharp pick needles was found to be very 
helpful in separating the individual fibers while counting. Those 
fibers that separated very readily were considered as individual fibers, 
each fiber containing a group of elementary fiber cells. The number 
of fibers in a 5-grain 15-in. bundle was calculated from the number 
of fibers counted, usually more than 500, and from their weight and 
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length. The fineness of fiber was computed from the equa 
F=1750 N. 
3. TWISTING DEVICE 


The device for twisting the bundle of fibers is shown in figuy 
The bundle was fastened at one end in a clamp that can be rotgy 
with a crank. The other end was fastened in a clamp that is parti 
compound pendulum pivoted at the bottom. The tension that 4 
pendulum exerts on the fibers can be adjusted by changing the positi 
of a weight. A tension of 75 g was found to be satisfactory. 
remains essentially constant throughout the twisting operation y 
was used in the tests reported in this paper. The distance betwa 
the two clamps is 10 in. at the beginning of the twisting operati 
and slightly less at the end because of the lengthwise contractin 
the bundle with twisting. The provision to permit contractioy 
essential in the twisting process. If it is lacking, the fibers may} 
damaged because a high tension is produced owing to the inher 
low stretch of cordage fibers. A stop is provided to keep the penduly 
and clamp in a fixed relation to the rotatable clamp while inserti 
the bundle. 


4. BREAKING STRENGTH AND ELONGATION, DRY 


















The bundle of fibers was twisted one turn per inch of S-twist wil 
the device described. The twisted bundle was removed from 
twisting device and placed across a board 12 in. wide fitted w 
slotted leather strips along the two sides to hold the bundle taut a 
to prevent untwisting (fig. 2). In transferring the bundle, care y 
taken not to alter the twist. Two pairs of cardboard strips 1 i 
wide and about one twenty-fifth inch thick were slipped under t 
bundles at A, B, C, and # in figure 2. These strips were made paral 
to each other and were alined perpendicular to the length of t 
bundles. The distances between cardboards from A to B and from 
to E are 3 in. The bundles were glued to the cardboards with « 
penter’s glue. The glue was allowed to dry and the fibers wa 
conditioned for at least 12 hours in an atmosphere of 65-percet 
relative humidity and 70° F. The bundles were cut in the midd 
between cardboards B and C, thus forming two test specimens 
each bundle. The cardboard strips were then nearly cut throw 
between the bundles (fig. 3), leaving about 1-in. squares of cardbo: 
firmly attached to the ends of each half of the bundle of fibers. 
specimen for test, readily detached from the remaining bundles | 
tearing the cardboard, was inserted in the flat clamps of a pend 
lum-type machine of 110-lb capacity. The speed of the pull 
clamp was 12 +0.5 in./min. 

The cardboards and glue protected the fibers from ‘being damag 
when clamped in the machine and effectively eliminated slippage ! 
fibers in the clamps. The small cardboard strips also were an aid 
handling the bundles of fibers and in retaining the inserted twii 
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Figure 1.—Device for twisting a bundle of fibers. 
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Ficure 2.—Board for holding twisted bundles of fibers during gluing to strips | 
cardboard. 
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Ficure 3.—Twisted bundles of fibers glued to cardboards for tests of dry and wet 
breaking strength, resistance to abrasion, and flexural endurance. 
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Ficure 4.—Bundles of fibers partially immersed in water for tests of wet strength 








Figure 5.—Machine for testing the flecural endurance of bundles of fibers. 
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The breaking strength and elongation were read from the scale and 
load-elongation curve. Fifty or more tests were usually made of 
each fiber lot. The average cy and elongation were calculated, 
as well as their standard errors. The breaking length of the bundle, 
that is, the length which would be just sufficient to break it under its 
own weight, was computed from the breaking strength and bundle 
weight and length, and is given by L=1750 B, where L is breaking 
length in feet and B.is breaking strength in pounds. 


5. BREAKING STRENGTH AND ELONGATION, WET 


The bundles of fibers for tests of the wet strength were twisted, 
mounted on boards, and glued to strips of cardboard in the same 
manner as for tests of the dry strength. After the glue was dry a 
drop of hot ceresin was applied at the juncture of the fibers and the 
cardboard. This wax was applied with a hot copper tubing bent into 
the shape of a large pen. The wax is shown by a black discoloration 
of the bundles labeled “wet breaking strength”’ in figure 3. It effec- 
tively prevented the water from coming in contact with the cardboard 
and glue during soaking of the fibers. The bundles were cut in the 
middle as for tests of the iy strength, thereby forming two test speci- 
mens of each bundle. A hole, not shown in figure 3, was then punched 
in the cardboard at each end of the specimen. The cardboard was 
cut between the bundles as for the strength tests. Each bundle 
was then detached, formed into a U-shaped specim’n, and strung on 
two long horizontal prongs wage, the punched holes (fig. 4). Care 
was taken to preserve the twist. The bundles were spaced far enough 
apart to avoid contact between them. This separation was essential 
to prevent water from rising between the fibers to the glue and card- 
board. The bundles were placed over a flat dish containing water 
(fig. 4). The bottom of the U-shaped specimen was submerged about 
lin. into the water and allowed to soak overnight. One bundle at a 
time was then removed and immediately tested for wet breaking 
strength and elongation in the same manner as the dry bundlés. The 
water that pois § po from the fibers to the glued cardboard, which was 
fastened in the lower clamp, was in contact for such a short time that 
the cardboard and glue were not affected. The same number of tests 
and calculations were made as for the dry strength tests. 


6. FLEXURAL ENDURANCE > 


The bundles of fibers for the flexural endurance tests were twisted 
one turn per inch of S-twist and then mounted on boards the same as 
for tests of the dry strength, except that they were spaced twice as 
far apart. They were glued to two strips of cardboard, the free length 
between the vi baat was 8 in. After the glue was dry, two holes 
were punched in the cardboard at the ends of each bundle, as illus- 
trated in figure 3 for those labeled “flexing.” The cardboard was cut 
between the bundles as was done in tests for strength. A bundle was 
then detached and tested with the machine shown in figure 5. 
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Six twisted bundles of fibers are drawn back and forth simulta, 
ously over three small pulleys %. in. in diameter located at the verties 
of an isosceles right triangle, the hypotenuse being % in. The byl 
bearing pulleys are attached to a fixed horizontal bar, A. A secop/ 
horizontal bar, B, is attached to the shaft of a reciprocating mechanisy 
not shown, having a total stroke of 4 in. For each specimen th 
reciprocating bar contains a fixed rod with two prongs, to which th 

unched cardboard, glued to one end of the bundle of fibers, is attached 

t also contains a pair of parallel rods which serve to guide the fre 
up-and-down movement of a 1-lb weight. The weight contains ty) 
prongs, to which the punched cardboard glued to the other end of thi 

undle is attached. The twisted fibers are passed over the thry 
pulleys as indicated in figure 5. The twist is retained by the many 
of attachment described, and tension is exerted by the weight during 
the back-and-forth movement of the fibers over the pulleys. A con. 
plete back-and-forth movement is called a flexing pos The machind 
operates at 60 cycles per minute. The number of cycles is recorde 
by a counter, which is not shown in the figure. 

The six bundles of fibers mounted in the machine at a time wen 
flexed for a preassigned number of cycles, after which their breaking 
strengths were determined. This procedure was repeated until 
sufficient number had been tested to give a well-determined cury 
relating the breaking strength and number of flexing cycles. Th 
number of cycles required to reduce the breaking strength to 50 per 
cent of the breaking strength and to a breaking strength of 20 |b 
were recorded from this curve. 


7. RESISTANCE TO ABRASION 


The bundles of fibers for the tests of the resistance to abrasion wer 
twisted one turn per inch of S-twist and mounted on boards the sam: 
as for tests of the dry strength except that they were spaced twice a 
far apart. They were glued to two strips of cardboard, at A and D) 
only (fig. 2). The fren lanes between A and D was6in. After the 
glue was dry, two holes were punched in the cardboard at the ends of 
each bundle, as illustrated in figure 3 for those labeled “abrasion.” 
The cardboard was cut between the bundles in the same manner as {o 
tests for strength. The bundles were then detached and tested fo 
resistance to abrasion with the machine shown in figure 6. In this 
test a twisted bundle of fibers is drawn back and forth longitudinally 
against a second bundle that is twisted once around the first. Si 
pairs of bundles are tested simultaneously. 

A motor speed reduction unit with a double-acting crankshaf 
imparts a reciprocating motion to two rods which move exactly ou 
of phase. To each rod is attached a horizontal bar containing si 
pairs of prongs. The punched cardboard, glued to one end of: 
twisted bundle, is attached to a pair of prongs of one bar. The 
punched cardboard, glued to the other end of the bundle, is attached 
similarly to two prongs of a plate located directly below, and whicl 
is constrained to move in a”guide inclined 4% degrees to the vertical. 
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Figure 6.—Machine for testing the resistance to abrasion of bundles of fibers. 
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similarly, the second bundle of a pair is attached to the second bar at 
he top and to a second plate at the bottom. The latter is also 
onstrained to move in a guide inclined 4% degrees to the vertical. 
The inclination of the two guide plates is toward each other, with an 
internal angle equal to 9 degrees. The S-twist of each bundle is 
preserved When mounting the bundles and while twisting the second 
bundle of each pair one turn of S-twist around the first. 

A can containing lead shot is attached to the lower end of each 
late by means of a metal cable. The motions of the metal cables 
sre guided by ball-bearing idler pulleys to prevent the cans from touch- 

g each other. The total weight of each can is adjustable. A 
veight of 5 lb was found to be satisfactory and was used for the 
ibers tested. ‘The two bundles of a pair intersect with an angle of 
bout 9 degrees, and this angle, as well as the twist, is essentially 
maintained during each complete back-and-forth movement, or cycle, 
yf abrasion. ‘The machine operates at 60 cycles per minute. The 
number of cycles is recorded by a counter located directly in front of 
he rods. 

The six pairs of bundles tested at a time in the machine were abraded 
ora preassigned number of cycles, after which their breaking strengths 
vere determined. This procedure was repeated until a sufficient 
sunber had been tested to give a well-determined curve relating the 
breaking strength and the number of cycles of abrasion. The number 
{ cycles required to reduce the breaking strength to 50 percent of 
he dry breaking strength and to a breaking strength of 20 lb were 
ecorded from this curve. 

The above procedure was repeated, except that the second bundle 
bf each pair was twisted one turn of Z-twist around the first. A few 
ests were also made according to the above procedure but with a 
irop of lubricating oil added to each pair of bundles. 


8. ACCELERATED WEATHERING 


The accelerated weathering tests were made by exposing bundles of 
ntwisted fibers to light, using the type DL-TS Weather-ometer. 
he essential features of this unit are two glass-enclosed carbon arcs, 
ach are operating on 110-volt 60-cycle alternating current. The arc 
wrent is between 15 and 17 amperes. In each arc two carbons are 
sed at the bottom and one at the top. Either a No. 20 cored carbon 
vas used at the top and two No. 70 solid carbons were used at the 
bottom, or a No. 70 solid carbon was used at the top and two No. 20 
ored carbons were used at the bottom. The samples were mounted 
bn the inside of a cylindrical drum, which rotates around the arcs at 1 
mm. Thirty samples were exposed at atime. Each sample contains 
12 bundles of fibers mounted on a special board, as shown in figure 7. 
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A vertical bank of four nozzles is provided for spraying the fibers wit, 
water. They rotate past this bank once each minute. The watg 
spray is automatically turned on for a 3-minute period once every 9 
minutes. A thermostat is provided to prevent the maximum ten. 

erature at the fibers from exceeding 140° F. No provision is maj 
or controlling the minimum temperature except by the water spray 
and temperature of the water. Provision is made for cooling th 
drum by aspray on the outside of the drum. A timing device recor) 
the number of hours of operation. 

The bundles of fibers were exposed continuously to light and to 
intermittent spraying with water. At the end of a preassigned num. 
ber of hours of exposure, a board containing 12 bundles of fibers was 
removed for each lot of fiber for tests of their strength. The exposur 
of the remaining boards of fibers was continued. They were likewig 
withdrawn for tests of their strength at the end of a preassigned num. 
ber of hours of exposure. 

The 12 bundles of exposed fibers from each board were removed, 
one at a time, twisted one turn per inch of S-twist, and mounted ong 
board and glued to four strips of cardboard in the same manner as for 
tests of dry strength, and two tests were made of each bundle. Th 
average strength and standard error were calculated from the test 
results obtained for each exposure time of a fiber lot. 


9. RESISTANCE TO ELEVATED TEMPERATURE 


Thirty-six bundles of untwisted fibers from each lot of fiber to be 
tested were placed in an electric oven maintained at 105° to 110°C 
(221° to 230° F). The air in the oven was circulated by afan. Twelve 
bundles of fibers from each lot of fiber were removed from the oven 
at the end of 10, 20, and 30 days exposure. The exposed fibers were 
then twisted one turn per inch of S-twist and mounted for tests of 
strength in the same manner as for dry strength, and two tests wer 
made of each bundle. The average strength and standard error wer 
yy from the 24 test results obtained for each exposure time of 
a fiber lot. 


10. RESISTANCE TO CONTINUOUS WETTING WITH FRESH OR 
SALT WATER 


Fifty bundles of untwisted fibers from each lot of fiber to be tested 
were placed in a beaker containing tap water. The water was renewed 
each day. One half of the bundles were soaked for 12 days and the 
other half for 28 days. 





Methods for Testing Cordage Fibers 323 


The soaked fibers were allowed to dry, after which they were twisted 
ye turn per inch of S-twist, and mounted on boards for tests of 
rength in the same manner as for dry strength. Two tests were 
ade of each bundle. The average strength and standard error and 
rage elongation and standard error were calculated from the 50 
st results obtained for each soaking time of a fiber lot. 

The above procedure was repeated but water containing 3.7 percent 
sea salt was used instead of tap water. The salt water was renewed 


bh day. 


1, RESISTANCE TO ALTERNATE WETTING AND DRYING WITH 
FRESH OR SALT WATER © 


Twenty-five bundles of untwisted fibers from each lot of fiber to be 
sted were placed in a beaker containing tap water. The bundles 
ee removed after 24 hours of soaking and allowed to dry for 24 hours. 
ing cycle was repeated 12 times; a new supply of 
ch cycle. At the end of the twelfth cycle each 
ndle was twisted one turn per inch of S-twist, and then mounted on 
sards for tests of strength in the same manner as for dry strength, 
wo tests were made of each bundle. The average strength and stand- 
derror and average elongation and standard error were calculated 
om the 50 test results of each fiber lot. 
The above procedure was repeated but water containing 3.7 percent 
sea salt was used instead of tap water. The salt water was renewed 
br each wetting and drying cycle. 


III. MATERIALS TESTED 


The fibers tested included six lots of abaca (manila), nine of sisal, 
yo of jute, two of henequen, one of pita floja, one of ixtle, four of 
nsevieria, one of palmetto, three of hemp, two of roselle, one of 
lanzanita, one of malvita, and two of yucca. The number assigned 
peach fiber and information as to grade, source, housemark, and 
ate of baling, which are considered important in the cordage industry, 
re given in table 1. 
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IV. RESULTS 


In table 1 are also given the following data: Number of fibers p, 
bundle; fineness of fiber; breaking length; dry and wet breakiy 
strength; and dry breaking strengths after (a) soaking in fresh andj 
salt water, (b) alternate wetting and drying with fresh and with 
water, (c) exposure to a temperature of 105° C, and (d) exposure to lig} 
and intermittent spraying with water in a Weather-ometer. The stan 
ard error is also given for each value reported in the table. All 4 
values are based on bundles of fibers weighing 5 grains and 15 in. long. 

In table 2 are given the following data: Dry and wet elongation g 
rupture; dry elongation at rupture after soaking in fresh and in y 
water; and dry elongation after alternate wetting and drying by th 
use of fresh or salt water. The flexural endurance, the resistance 
abrasion for S-twist in the bundles of fibers and S-twist in the ply; 
two bundles, and the resistance to abrasion for S-twist in the bund 
of fibers, and Z-twist in the ply of two bundles are also given in tabled 
The standard error is given for the dry and wet elongation values, 





Resistance to abrasion for— 





Dry elongation at rupture after— 


Slongation at rupture 
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V. DISCUSSION OF RESULTS 
1. FINENESS OF FIBER 


The average number of fibers per bundle varied from about 9 
for sisal, henequen and palmetto, to 500 for jute. The fineness, 
fiber varied from about 30,000 ft/lb for the coarser fibers to oye 
800,000 ft/lb for the fine jute fiber. The variation in fineness of {ily 
was great for a given kind of fiber. It ranged, for example, frog 
49,000 to 96,000 ft/lb for abaca, 33,000 to 65,000 ft/lb for sisal, ayj 
165,000 to 280,000 ft/lb for hemp. 


2. BREAKING STRENGTH AND ELONGATION, DRY AND WET 


The wou length expresses the breaking strength per wi 
weight of unit length of the bundle of fibers. The values given j 
table 1 for the bundle are lower than the values which would | 
obtained for the single fiber, because the strength of the fiber j 
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Figure 8.—Relation between dry and wet breaking strength of cordage fibers. 





not fully realized when a group of fibers are tested simultaneou 
as in a bundle of fibers. ‘The breaking lengths of the abaca fibe 
for the bundle, table 1, range from 138,000 to 180,000 ft. Th 
average breaking length of different grades of abaca determin 
from tests of individual fibers ranged from about 175,000 to 250,0l 
ft, according to Becker. On the other hand, and for the sail 


1 Genevieve Becker, Color of abaca fiber in relation to deterioration by weathering, Cord Age 28, 24, %, 
and 30 (Dec. 1938). 
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ason, the breaking lengths for the bundle of fibers are higher 

an those Which would be obtained for ropes made from these fibers. 

The values obtained in this laboratory by Mease? for a variety of 

izes of rope made from different grades of abaca ranged from 32,000 

ut 2, 56,000 ft. The breaking lengths for the bundle, however, give a 
€SS ood indication of the relative intrinsic strength of the various fibers. 
) OVEN ,. strength of ropes made from these fibers would be expected to be 
f ibe the same relative order. A variation in the relative order would 
fro ndicate either a more or a less efficient realization of the strength of 
1, ang he bundle of fibers when made into rope. Whether or not the 
irength of the bundle of different kinds of fibers is realized to varying 
eorees in ropes can only be determined by tests of bundles of fibers 
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FigurE 9.—Relation between dry and wet elongation of cordage fibers. 
ers, 
The wet strength of the bundles of fibers was in general lower 
lan the dry strength. This is clearly shown in figure 8 where the 
et strength is plotted against the dry strength. The plotted points 
| ¢ for the most part below the straight line drawn at equal angles 
mina the two coordinate axes. Since the points for a given kind of 
50,0@MMber are considerably scattered, no definite advantage of one kind 
» Sal fea over the other is indicated with respect to dry versus wet 
4, nieength. 


’ Unpublished data, 


eou 
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The wet, elongation of the bundles of fibers was in general greatg 
than the dry elongation. This is indicated in figure 9 where ty 
wet elongation is plotted against the dry elongation. The plotta 
points lie for the most part above the straight line drawn at equ 
angles to the two coordinate axes. The henequen fibers had th, 
highest elongation of the fibers tested, although their strength wa 
less than for many of the other fibers. The jute fibers, which haj 
approximately the same strength as the henequen fibers, were amor 
those fibers “each the lowest elongation. On the basis of thes 
results, henequen would be superior to jute in its ability to withstan( 
impact loads. The low stretch, and therefore low impact strength 
of jute yarns has long been recognized. The extensive use of juts 
for wrapping twine by the United States Post Office Department js 
attributed to these characteristics. The jute yarn is readily broke 
by hand with a quick snap, and there is little give in the packay 
tied with jute yarns. : 


3. EFFECT OF SOAKING IN WATER ON BREAKING STRENGTH 
AND ELONGATION 


The dry breaking strength of the fibers after soaking for 12 and 
28 days in fresh and in salt water and after 12 soaking and drying 
cycles in fresh and in salt water are plotted in figure 10 against the 
dry breaking strength of the unexposed fibers. For each exposur 
condition a straight line is drawn at equal angles to the two coordinate 


figure by the plotted points, which lie for the most part. below the 
45-degree lines. There was no marked difference in the results 
between the fibers soaked in fresh and in salt water. The decrease 
in strength was probably slightly more for soaking in fresh water 
than in salt water. There was practically no difference in strength 
for the fibers soaked continuously for 12 days and those given 12 
soakings and drying cycles. Abaca fiber No. 2, which had a dry 
breaking strength of 103 Ib and was the strongest fiber tested, deter- 
orated materially in all of these exposure tests. The cause for the 
decrease of the strength of this fiber in these exposures is not apparent 
from the tests made. 

The dry elongation of the fibers soaked for 12 and for 28 days in 
fresh and in salt water and after 12 soaking and drying cycles in 
fresh and in salt water is plotted in figure 11 against the dry elongation 
of the unexposed fibers. For each exposure condition a straight line 
is drawn at equal angles to the two coordinate axes. _The dry elongs- 
tion of the exposed fibers was in general slightly greater than that of 
the unexposed fibers. This is indicated in the figure by the plotted 
points, which lie for the most part above the 45-degree lines. Ther 
was no marked difference in the results between the fibers soaked in 
fresh and in salt water. The increase in elongation is probably 
slightly less for fibers soaked in fresh water than in salt water. There 
was practically no difference in elongation for the fibers soaked con 
tinuously for 12 days and those given 12 soaking and drying cycles. 
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DRY BREAKING STRENGTH OF EXPOSED FIBERS 


1ouRE 10.—Relation between dry breaking strength of cordage fibers and their dry 
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FicuRE 11.—Relation between dry elongation of cordage fibers and their dry elongalio 
after soaking in fresh and in salt water. 
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4, EFFECT OF TEMPERATURE ON BREAKING STRENGTH 


335 


The dry breaking strength of the fibers decreased materially with 
ne number of days they were exposed to a temperature of 105° C. 
his is clearly shown in the left portion of figure 12, where the dry 
wreaking strength of the exposed fibers is plotted against the dry 
trength of the unexposed fibers. The plotted points in general f 
nsiderably below the straight line drawn at equal angles to the two 
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IGURE 12.—Relation between dry breaking strength of cordage fibers and their dry 
breaking strength after exposure to elevated temperature and to accelerated weathering 
in a Weather-ometer. 


ordinate axes. This was especially true after 30 days of exposure. 
Abaca fiber No. 2, in particular, dropped to less than 50 percent of its 
lnexposed dry strength. This decrease in strength is comparable to 
hat noted in the previous section for this fiber. The decrease in 
trength of sisal No. 12 was exceptionally large, amounting to 47 
ohn and 93 percent after 10 days and 30 days of exposure, respec- 
ively 


. 
d 
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5. EFFECT OF ACCELERATED WEATHERING ON BREAKING 
STRENGTH 


The dry breaking strength of the fibers decreased markedly yi 
the number of hours of exposure to light and intermittent sprayiy 
with fresh water ini the Weather-ometer. This decrease is showy; 
the right peition of ficure 12, where the dry breaking strength of {, 
exposed fibers is p!u‘ted against the dry strength of the unexposy 
fibers. The magnitude of the decrease in strength can be judged } 
the amount the plotted points fall below the straight line drawn y 
equal angles to the coordinate axes. It will be noted that the strengi| 
dropped to zero after 200 hours of exposure for a number of the sig 
fibers, and for henequan, roselle, and one jute fiber. These fibers wey 
completely disintegrated, the fibers breaking up into smaller unit 
which were washed away by the water spray. The appearance q 
some of the fibers at the end of the Weather-ometer exposure is show 
in figures 13 and 14. The numbers assigned to the fibers in th 
act: correspond to those given in table 1. Some of the smi 
fibrils into which fiber Nos. 7, 8, 10, and 17 disintegrated are shown ij 
: ure 14 in the bottom slots of the boards holding the bundles , 

ers. 


6. RELATION OF FLEXURAL ENDURANCE TO DRY BREAKING 
STRENGTH AND ELONGATION 


The flexural endurance, expressed either on the basis of 50 pe 
cent of the dry a or on the basis of a constant strength of 20 |b 


varied widely not only with the kind of fiber but also with the grad 


of fiber. In figure 15 the flexural endurance is plotted against th 
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Ficure 15.—Relation between dry breaking strength of cordage fibers and | : 


flexural endurance. 
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dry breaking strength of the fibers. The plotted points show no 
definite correlation between the flexural endurance and dry strength. 
The flexural endurance of henequen was considerably greater than 
for the other fibers. Since the elongation of the henequen fiber was 
also considerably greater than for the other fibers, a correlation be- 
tween flexural endurance and elongation is indicated. The flexural 
endurance is plotted in figure 16 against the dry elongation of the 
fbers. In general, the flexural endurance increased with the intrinsic 
dongation of fibers, relative freedom of movement of the structural 
units within the fibers. This result is in substantial agreement with 
the effect of relative freedom of movement of the fibers in a yarn, and 
of yarns in a fabric on the folding endurance of fabrics.’ Fibers 
having a high elongation, such as nylon, should greatly excel in 
flexural endurance any of the cordage fibers tested. 
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FicurE 16.—Relation between dry elongation of cordage fibers and their flexural 
endurance. 


7. RESISTANCE TO ABRASION 
(a) S-TWIST IN THE BUNDLE AND IN THE PLY 


The resistance to abrasion of the fibers for the SS-twist, that is, 
S-twist in the bundle of fibers and an S-twist in the ply of two bundles, 
varied over a great range. The results do not seem to correlate 
with any of the other fiber properties measured, except fineness of 

The resistance to abrasion of fibers 1 to 15, inclusive, all of 
which are classed as hard fibers, is very much higher than that of 
fers 16 to 27, inclusive, all of which are classed as soft fibers. 
‘The fineness of fiber, expressed in feet per pound, of the hard fibers 
is very much smaller than for the soft fibers. 


(b) S-TWIST IN THE BUNDLE AND 2Z-TWIST IN THE PLY 


The resistance to abrasion of ‘the fibers for the SZ-twist, that is, 
S-twist in the bundle of fibers and a Z-twist in the ply of two bundles, 
ilso varied over a great range. The results did not fall into two dis- 


_ 


me eee ta Schiefer and Paul M. Boyland, Note on flerural fatigue of tertiles, J. Research NBS 29, 69 
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tinct groups as for the SS-twist. The resistance to abrasion {, 
some of the soft fibers exceeded that for some of the hard fiber, 
The results do not seem to correlate with any of the other charg. 
teristics measured. 

The resistance to abrasion for the SZ-twist was very much greater jy 
general than for the SS-twist. This large difference is attributed to th 
difference in contact between the fibers of the two bundles for the ty, 
twists. In the SS-twist the fibers of the two bundles are essential| 
parallel, and therefore make contact for a considerable distance along 
the length of a fiber. The opposite is true for the SZ-twist, in whic) 
the fibers of the two bundles cross each other. This difference jy 
alignment of the fibers for the two twists is shown in figure 17. Iti 
apparent that the resistance to abrasion depends upon the contact 
and frictional force between the fibers. It was found that if a small 
amount of lubricant was added to the fibers, the resistance to abrasion 
for the SS-twist was greatly increased. It is likely that the resistance 
to abrasion can be increased still more by further reducing the contac 
between fibers, as by varying the amount of twist in the bundle and 
also in the ply. A study of the effects of these factors may indicate 
ways of increasing the wear life of ropes by reducing the frictions 
forces between fibers, that is, the internal abrasion of fibers in a rope. 
The same factors may also contribute to a reduction of the extern: 
wear of fibers, that is, the abrasion of the outside of a rope agains 
objects with which the rope comes in contact. 


VI. CONCLUSION 


The data indicate that there are great variations in the measured 
characteristics of the various grades of each kind of fiber. Because o 
these variations, there is considerable overlapping in the characteristics 
of the different fibers tested. Whether the variations among the grades 
of a given kind of fiber, abaca, for example, can be attributed to the 
difference in grade cannot be stated with certainty, because some 0 
these fibers had been stored for a number of years. The baling dates 
for the abaca fiber ranged for 1941 to 1936, that is, 2 to 7 years before 
the fibers were tested. Abaca fiber No. 2, which was baled in 194], 
was considerably stronger than those baled in 1936, namely, fibers 
3, 4, 5, and 6. Although abaca had the highest strength of the fibers 
tested, several grades of sisal, pita floja, and sansevieria were stronge 
than some of the grades of abaca. The abaca fiber, which had the 
highest dry breaking strength, was the third weakest after 28 days 0 
soaking in fresh water. 

The henequen fibers had the highest elongation. Although their dry 
strength was only about half of that of the abaca, they had the highest 
flexural endurance. They were affected little by exposure to elevated 
temperature, but disintegrated completely upon exposure to light and 
intermittent spraying with water. Sisal also disintegrated in this test 
a a” breaking strength of the remaining fibers was drastically re- 

uced. 

The resistance to abrasion was highest for henequen and sisal. 
Pita floja, which is one of the strongest fibers tested, was among the 
lowest in resistance to abrasion. The resistance to abrasion of the 
fibers tested was profoundly affected by the direction of twist in the ply 
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Ficure 17.—Alinement of fibers for SS—twist and SZ—twist of the abrasion tests. 
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dative to that in the bundle, and also by the addition of a small 
ynount of lubricant. 

Sansevieria had exceptionally good dry strength. Sufficient 
material was not available for making the other tests on sansevieria. 
Hemp and jute were very similar in all the characteristics measured. 

The testing machines and methods described in this paper are 
bought to be suitable not only for a quick evaluation of the charac- 

ristics of new or experimental fibers, usually available only in small 
nuantities, but also for a systematic and comprehensive investigation 
of the characteristics of all grades and kinds of cordage fibers. A 
orrelation study of the results of tests of fibers with the results of 
ests of cordage and rope made from the same fibers might contribute 
materially to the production of more uniform and durable products, 
specially those suitable for specific uses requiring high impact 
strength, high flexural endurance, or high resistance to internal and 
external abrasion. Since the machines and methods are applicable 
for testing small quantities of fiber, such as from a single leaf, they 
hould prove useful in the evaluation of agricultural experiments 
for growing improved cordage fibers or in the evaluation of chemical 
reatments and processing of the fibers. 
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the large number of bundles of fibers and for making the numerous 
ests of the various characteristics of the fiber. The assistance of 
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